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Cerebral palsy (CP) is the most common neuromotor developmental diagnosis that can
result in a myriad of activity impairments. The literature has primarily explored motor impairments
in children with CP. Additionally, there is evidence of CP impacting several cognitive domains in
children and adults with CP. Very little literature has explored if these impairments persist into
adulthood, and the underlying neurophysiology serving these functions in individuals with CP is
unknown.
The first purpose of this dissertation was to quantify the cortical oscillations serving hand
movement with magnetoencephalography (MEG) and determine if differences were present as a
function of age between children and adults with CP compared to an age-matched control group.
The group with CP was slower to respond and less accurate compared to the controls. We found
that the group with CP demonstrated a reduced beta response with age, while the control group had
an increased response with age within the bilateral supplementary motor areas. Additionally, the
motor hand “knob” area of the brain demonstrated a reduced beta response prior to movement onset
in the group with CP. These divergent group finding may partially explain the movement
performance deficits observed in this cohort.
Another aim of this dissertation was to explore cognitive impairments in individuals with
CP. Two cognitive domains that are essential for daily function include selective attention and
working memory (WM). We utilized MEG to investigate the neurophysiology underlying both of
these cognitive domains. Therefore, the second purpose of this dissertation was to examine the

neurophysiology underlying selective attention. For this study, individuals were shown a target
stimulus with flanking stimuli surrounding the target. The surrounding stimuli were either the same
as the target or different (more distracting). The group with CP was slower to respond to the target
stimulus and was less accurate on their responses. The MEG results revealed there was a significant
difference in the alpha response between groups in the primary visual cortices suggesting possible
visual processing issues. Such visual processing issues could partially explain the poorer
performance found in children and adults with CP. Secondly, there were similarities between the
groups as a function of age. The alpha response was similarly activated in the left insula, and the
theta response was similarly activated in the right insula across groups. These results imply that the
insula (a region located within the ventral attention network (VAN)) is activated similarly as a
function of age in both groups suggesting this attentional network may not have aberrant agerelated activity in individuals with CP.
The third aim of this dissertation was to explore the neurophysiology underlying WM
performance in adults with CP. Both groups completed a verbal WM task in which they had to
report if a probe letter was included in the previous set of four letters while undergoing MEG. The
MEG results showed a left-lateralized alpha-beta response during the encoding period within the
occipital, temporal, and prefrontal cortices and an alpha response in the bilateral cortices during
maintenance. The strength of the alpha-beta oscillations in the prefrontal cortices was weaker in
the group with CP during encoding and associated with poorer performance on the NIH Toolbox.
While activity during the maintenance period was similar between groups. Collectively, these
results suggest that aberrations are present during the encoding time period, and they could partially
explain poor cognitive performance in adults with CP.
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INTRODUCTION
Cerebral palsy (CP) is the most common nonprogressive developmental disorder
predominantly causing motor disability in children and resulting in lifelong disability. The initial
insult is often a single lesion or multiple lesions to the brain and is associated with motor deficits
present in one extremity (monoplegic) up to all four extremities (quadriplegic). Some of these
deficits may include muscle weakness, contractures, motor unit recruitment alterations, and muscle
architecture alternations (Damiano, Martellotta, Quinlivan, & Abel, 2001; Lieber & Fridén, 2002;
Malaiya et al., 2007; Rose et al., 1994). The motor system is not solely impacted in individuals
with CP. In fact, half of the individuals with CP have a cognitive impairment (Novak, Hines,
Goldsmith, & Barclay, 2012). Collectively, the motor and cognitive impairments contribute to
decreased mobility, reduced independence, and lower quality of life in children and adults with CP.
The CP scientific literature is monopolized by pediatrics, but due to medical advancements, CP is
no longer strictly a pediatric diagnosis. About 90% of individuals with CP will live into adulthood
(David Strauss, Brooks, Rosenbloom, & Shavelle, 2008). Subsequently, there is a large gap in the
CP adult literature. More specifically, there is limited knowledge about the neurophysiology
underlying motor and cognitive abilities in children and adults with CP, and narrowing this
knowledge gap may be the key to reduce motor and cognitive impairments and improve community
participation and quality of life.
Magnetoencephalographic (MEG) brain imaging is an ideal neuroimaging technique to
address this knowledge gap. MEG is a silent and noninvasive technique that has excellent spatial
(3-5 mm) and temporal (< 1 ms) resolution. It detects the magnetic fields produced by currents
from populations of active neurons within the cerebral cortex. The magnetic fields are then
transformed in frequency-specific components and localized to a region(s) of the brain.
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Subsequently, the strength of the response within particular regions can be compared between
groups and explored in relation to behavioral performance.
Movement-related oscillatory activity has been explored extensively utilizing MEG. A beta
(12-30 Hz) event-related desynchronization (ERD; decrease in power) occurs prior to initiation of
movement and continues until the movement is terminated (Heinrichs-Graham et al., 2014;
Hoffman, Wilson, & Kurz, 2019; Kurz, Becker, Heinrichs-Graham, & Wilson, 2014; Pfurtscheller
& Berghold, 1989; Pfurtscheller, Graimann, Huggins, Levine, & Schuh, 2003; Tzagarakis, Ince,
Leuthold, & Pellizzer, 2010; T. W. Wilson et al., 2010). This response is located in the sensorimotor
strip according to the homunculus topography. It has been suggested the beta ERD prior to
movement onset is related to movement planning while the beta ERD following movement onset
likely is related to execution and/or monitoring of the motor action. Also, within the sensorimotor
regions, there is a gamma (>30 Hz) event-related synchronization (ERS; increase in power) at
movement onset. The gamma ERS is time-locked to movement onset and is thought to reflect the
execution of the motor command in the periphery (Cheyne, Bells, Ferrari, Gaetz, & Bostan, 2008;
Gaetz, Macdonald, Cheyne, & Snead, 2010; Pfurtscheller et al., 2003). Lastly, a post-movement
beta rebound (PMBR) is an increase in beta power that is present following the termination of
movement and suggested to possibly reflect either afferent movement-related sensory feedback
and/or certainty in the feedforward mechanism related to the internal model (Alegre et al., 2002;
Arpin et al., 2017; Cassim et al., 2001; Gaetz & Cheyne, 2006; Pfurtscheller, Stancak, & Neuper,
1996; Tan, Wade, & Brown, 2016).
The small body of CP motor neuroimaging literature has been dominated by pediatrics.
Lesion location(s) has been one factor that appears to have an impact on cortical activation. In a
transcutaneous magnetic stimulation (TMS) and functional MRI (fMRI) study, those with more
severe pathology tended to recruit more ipsilateral cortical resources while those with less severe
pathology can recruit contralateral resources in addition to the ipsilateral (Staudt et al., 2002).
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Additionally, the integrity of the corticospinal tract has been shown to relate to upper extremity
movement abilities (Friel, Kuo, Carmel, Rowny, & Gordon, 2014; Rickards et al., 2014; Trivedi et
al., 2008). A few MEG studies examining children with CP revealed a stronger beta ERD during
motor planning and a decreased gamma ERS during a lower extremity target matching task (Kurz,
Becker, et al., 2014; Kurz et al., 2016). This cohort of children had slower reaction times, more
substantial overshoot errors, and took longer to match the target. These findings suggest there may
be aberrations in motor planning and execution that could partially explain the behavior differences
in children with CP.
Upper extremity movements are often impaired in children and adults with CP (Staudt,
2010). Previous behavioral studies have suggested impairments with motor planning and/or motor
execution occur with upper extremity movement tasks (Lust, Spruijt, Wilson, & Steenbergen, 2018;
Steenbergen, Jongbloed-Pereboom, Spruijt, & Gordon, 2013). However, no literature has explored
if similar neurophysiological aberrations in planning and execution occur during upper extremity
tasks. Addressing this knowledge gap could provide incite for therapeutic interventions possibly
targeted at motor planning, motor execution, or internal model development.
As stated previously, CP does not only include motor symptom impairments but often is
accompanied by cognitive impairments. Selective attention and WM are two essential cognitive
functions utilized in daily life. Selective attention is needed to disregard distracting information
while WM is required to retain information needed for later use. Cortical oscillations are typically
present in both the dorsal attention network (DAN) and ventral attention network (VAN). The DAN
is associated with top-down control of voluntary and goal-directed behaviors (Corbetta, Patel, &
Shulman, 2008; Corbetta & Shulman, 2002) while the VAN is associated with unexpected stimulus
detection or distracting stimuli (Corbetta et al., 2008; Corbetta & Shulman, 2002; McDermott et
al., 2019; McDermott, Wiesman, Proskovec, Heinrichs-Graham, & Wilson, 2017). During a
selective attention task, oscillatory power changes are usually present in the theta (4-8 Hz) and
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alpha (8-12 Hz) frequencies within the DAN and VAN (Corbetta et al., 2008; Corbetta & Shulman,
2002; Lew et al., 2018; McDermott et al., 2019; McDermott et al., 2017; Webb, Igelstrom,
Schurger, & Graziano, 2016). Currently, we have little understanding of the functionality of the
DAN and VAN in CP. Examining the underlying neurophysiology of these networks could provide
further insight into the abilities of adults with CP to attend to objects in their visual field, a key
component before attempting to interact with the environment,
Working memory (WM) is a process that involves storing and retaining or manipulating
information for later cognitive processing. Typically, WM is divided into three sub-phases:
encoding, maintenance, and retrieval. Encoding involves loading information into memory,
maintenance refers to the active storage and rehearsal of information, and retrieval is the active
recall of information (Baddeley, 1992a, 2000; Baddeley, Allen, & Hitch, 2011; D'Esposito, 2007;
Heinrichs-Graham & Wilson, 2015). This dissertation work focuses specifically on verbal WM, a
frequently used memory system. During encoding, there is a decrease in alpha power that starts in
the occipital cortices, which progressively wraps around to the common language processing
regions in the left parietal, temporal, and finally the frontal cortices (Heinrichs-Graham & Wilson,
2015; Proskovec, Heinrichs-Graham, & Wilson, 2016; Proskovec, Heinrichs-Graham, & Wilson,
2019; Stephane, Leuthold, Kuskowski, McClannahan, & Xu, 2012). At the time of maintenance,
an increase in alpha power is present in the parietal and occipital cortices that is related to the
abilities to tune out incoming stimuli (Bonnefond & Jensen, 2012; Jensen, Gelfand, Kounios, &
Lisman, 2002; Tuladhar et al., 2007). Lastly, the retrieval phase contains a decrease in alpha and
beta power in the sensorimotor cortices connected with the motor response (e.g., button press) to
the task (Heinrichs-Graham et al., 2014; Pfurtscheller & Berghold, 1989; Tzagarakis et al., 2010;
Wilson et al., 2010). Children and adults with CP have demonstrated poor WM performance that
has been linked with insufficiencies in arithmetic (Jenks, de Moor, & van Lieshout, 2009; Jenks et
al., 2007; Van Rooijen et al., 2014; van Rooijen et al., 2012) and motor learning (van Abswoude,
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Santos-Vieira, van der Kamp, & Steenbergen, 2015). The neurophysiology underlying these
deficits is unknown. Insight into the specific sub-phases of WM deficits could have positive impacts
on functions such as arithmetic and motor learning skills for daily function in children and adults
with CP.
Overall the aims of this dissertation are to expand the knowledge of motor and cognitive
impairments of children and adults with CP. Specifically, this dissertation focused on the
neurophysiology underlying an upper extremity motor task, a selective attention task, and a WM
task. The following chapters detail further background information, results, and implications for
improved function and quality of life for children and adults with CP.
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CHAPTER 1: LITERATURE REVIEW
Cerebral Palsy
Cerebral palsy (CP) is a blanket term for a group of permanent but mutable development
disorders stemming from a primary brain lesion and can result in secondary musculoskeletal and
cognitive alterations (Rosenbaum et al., 2007). It is the most common cause of permanent motor
disability in children with an incidence of 3-4/1000 children (Van Naarden Braun et al., 2016).
CP is classified by several methods such as topography, type of motor disorder, functional
ability, and etiology. Topographic classification is based on the number and which limbs are
impacted. Typically, the topographic classifications are described as monoplegic (one limb),
diplegic (legs impacted more than arms), hemiplegic (arm and leg on one side of the body more
impacted than the other side), triplegic (three limbs), and quadriplegic or tetraplegic (all four limbs).
Although this classification focuses on limbs, CP often affects trunk and neck musculature, as well
(Karabay, Dogan, Arslan, Dost, & Ozgirgin, 2012).
Additionally, CP is classified according to the type of motor disorder. These categories are
spastic, ataxic, dyskinetic, or mixed (Cans, 2000; Sanger et al., 2006). Spastic CP is the most
common, affecting approximately 87% of children with CP, while ataxic and dyskinetic CP affects
4% and 7.5% of children with CP (Sellier et al., 2016). Typically, spastic CP is a result of a lesion
to the motor cortex or white matter connections within the sensorimotor areas of the brain
(Himmelmann & Uvebrant, 2011). The affected limb muscles are hypertonic, and the limbs are
often resistant to velocity-dependent voluntary and passive movement. Ataxic CP is caused by a
lesion to the cerebellum. This lesion impairs the trajectory of voluntary movements. Importantly,
the trajectory error cannot be explained by weakness or involuntary movements (Sanger et al.,
2006). Often these individuals have general instability, abnormal patterns of posture, and lack
accurate, coordinated movement (Cans, 2000). Dyskinetic CP, also known as athetoid CP, is due
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to a lesion of the brainstem, specifically the basal ganglia (Himmelmann & Uvebrant, 2011).
Critical features of dyskinetic CP include atypical patterns of posturing and uncontrolled
involuntary movement that is often recurring. Dyskinetic CP can be further subclassified as either
dystonic or athetotic. Dystonic movement is characterized by involuntary sustained or intermittent
muscle contraction with repetitive movements and abnormal postures. Athetosis is defined as slow,
continuous, writhing movements interfering with stable posture. Mixed CP is caused by lesions to
several areas of the brain and with a presentation of a mixture of symptoms of spastic and
dyskinesia.
The functional abilities of lower and upper extremities of individuals with CP are quite
variable. For lower extremities, gross functional abilities are classified utilizing the Gross Motor
Classification System (GMFCS). The GMFCS is a reliable, valid, five-level, age-categorized tool
with each level representing clinically meaningful distinctions in motor functions in the areas of
sitting, walking, and wheeled mobility explicitly designed for individuals with CP (Palisano et al.,
1997; Rosenbaum & Stewart, 2004). Specifically, interrater reliability has been reported as 0.93,
test-retest reliability 0.79, and it is contextually valid (Palisano, Rosenbaum, Bartlett, & Livingston,
2008; Wood & Rosenbaum, 2000). The lowest stage, stage 1, indicates the individual can climb
stairs without the use of a railing, and run and jump while speed, balance, and coordination are
limited. The highest stage, stage 5, indicates the individual strictly utilizes a wheelchair for mobility
with limited ability to maintain antigravity head and trunk postures and limited control of leg and
arm movements. The Manual Ability Classification System (MACS) is another tool often utilized
to classify the functional abilities of individuals with CP. The MACS has been validated for use
with those with CP and is very similar to the GMFCS but specifically focuses on hand and arm
function only (Eliasson et al., 2006). It classifies the average performance of handling of objects in
daily activities. The MACS levels range from 1 to 5. The lowest level, level 1, indicates the
individual can handle objects easily and successfully and is independent in daily activities. The
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highest level, level 5, indicates the individual does not handle objects, has severe limitations, and
requires total assist.
The relationship between structure and function has received increased attention in the
literature highlighting the importance of etiology for those with CP. Often, the etiology of CP is
multifactorial

and

can

include

prenatal

hypoxic-ischemic

injury,

asphyxia,

infections/inflammation, coagulopathies of the placenta or fetal vessels, and inheritance (Keogh &
Badawi, 2006; Msall, 2004). The etiology of CP is usually determined utilizing T1- and T2weighted MRI. Lesions in the periventricular white matter are most common (~60%), followed by
cortical and deep grey matter lesions (~20%), while brain maldevelopments are rather rare (~10%)
(Krageloh-Mann & Horber, 2007). In addition, prematurity and multiple pregnancies place the
child at increased risk for CP (Keogh & Badawi, 2006) and are associated with cystic or diffuse
periventricular leukomalacia (PVL). It should be noted that 9–16% of individuals with CP have no
pathological reports on MRI scanning that is often an indication of a genetic etiology of CP or a
more subtle structural imperfection detected by techniques such as diffusion-weighted MRI (Lee
et al., 2014; Lennartsson et al., 2015; Leonard et al., 2011).
The MRI classification system (MRICS) was developed to classify neuroimaging findings
in CP to improve understanding of the structure-function relationship and implications for
treatment, prognosis, and risk of recurrence (Ferriero, 2004; Himmelmann et al., 2017). This system
consists of five main groups: (A) maldevelopments, (B) predominant white matter injury, (C)
predominant grey matter injury, (D) miscellaneous, and (E) normal findings. This classification is
not a replacement for previously described CP classifications, but an addition. For example, a
clinical report could read category B: Predominant white matter injury. B.1. mild PVL involving
the motor tract only on the right side (age 7y, unilateral spastic CP on left side, GMFCS level I).
Lastly, neuroimaging techniques such as fMRI, MEG, diffusion tensor imaging (DTI),
electroencephalography (EEG), and TMS are starting to be utilized to examine individuals with CP
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and may also be able to provide further insight for classification and optimal treatment strategies
(Kurz, Becker, et al., 2014; Simon-Martinez et al., 2018; Weinstein et al., 2018). Results from some
of these neuroimaging methods are discussed throughout the remainder of this literature review.
CP can affect other systems besides the neuromuscular system. For adults with CP,
Vukojevic et al., (2017), reports 55% have an intellectual disability and 36% have epilepsy. The
prevalence of intellectual disability and epilepsy appears to be associated with neuromuscular
severity of CP. Epilepsy was present in 51.1% of quadriplegic, 21.9% of diplegic, and 19.2% of
hemiplegic patients. Intellectual disability was present in 73.8% of quadriplegic, 31.3% of diplegic,
and 53.8% of hemiplegic patients.
The pathology itself is nonprogressive but changes in body structures and function do occur
as individuals with CP age. Motor impairments induced by CP can reduce the ability to generate
strength in the musculoskeletal system and often leads to weakness, spasticity, contractures (Gage
& Novacheck, 2001), increased falling and declining gait mechanics (Ando & Ueda, 2000;
Furukawa, Iwatsuki, Nishiyama, Nii, & Uchida, 2001), fatigue (Opheim, Jahnsen, Olsson, &
Stanghelle, 2009; Sienko, 2018; Turk, Geremski, Rosenbaum, & Weber, 1997; Van Der Slot et al.,
2012; Vitiello et al., 2016), acute or chronic pain (Gajdosik & Cicirello, 2001; Novak et al., 2012;
Opheim et al., 2009; Sienko, 2018; Turk et al., 1997; Van Der Slot et al., 2012), and depression
(Sienko, 2018; Van Der Slot et al., 2012). Overall, all these factors can dramatically impact the
individual with CP’s ability to complete daily activities, interact with peers, and result in a lower
quality of life. Due to medical advancements, the mortality of children born with limited ability to
move and feed themselves has been dropping 3.4% annually, and therefore most survive into
adulthood (Hutton & Pharoah, 2006; D. Strauss, Shavelle, Reynolds, Rosenbloom, & Day, 2007).
There appears to be a relationship with life expectancy and severity of CP. Adults with CP that
have lower severity (e.g., can walk without aid at 15 years of age) likely live within 10 years of the
average population’s life expectancy.

And if individuals maintain walking ability without
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assistance (i.e., no cane, walker, or wheelchair) until age 60, their life expectancy is predicted as
four years less than the general population.
As an individual with CP enters adulthood, there are several new challenges that were not
part of childhood or adolescence. Unfortunately, access to similar resources from childhood
becomes increasingly challenging (Binks, Barden, Burke, & Young, 2007). Additionally, there are
challenges to becoming independent and pursuing higher education and vocations (Castle, Imms,
& Howie, 2007). A review article from Liptak (2008) states only 31% of adults with CP live
independently and only 28% have paid employment. This may be due in part to the drastic decline
in gross motor function that often occurs in adults with CP. The details of specific age-related motor
function changes are discussed below. The ability to efficiently perform motor and cognitive tasks
is of paramount importance to overcome these barriers. A better understanding of motor and
cognitive performance and underlying physiological attributes in those with CP is essential to help
them achieve their life long goals and improve quality of life.
Magnetoencephalographic Brain Imaging
Magnetoencephalographic (MEG) brain imaging is a noninvasive physiological recording
utilized to study systems-level brain function. Unlike other neuroimaging methods such as the
fMRI blood-oxygen-level-dependent (BOLD) response, it does not rely on vascular responses, an
indirect measure of neuronal activity, but rather measures neurophysiology directly and offers high
spatial (3-5 mm) and temporal resolution (<1 ms) (Hari & Salmelin, 2012). Active neuronal regions
produce ionic currents and subsequently a magnetic field surrounding the current (Hämäläinen,
Hari, Ilmoniemi, Knuutila, & Lounasmaa, 1993). A similar neurophysiological method, EEG,
records the ionic current directly. But the ionic current is susceptible to distortion from differences
in the conductivity of anatomical structures such as the skull, cerebrospinal fluid, and skin while
the magnetic field suffers no distortion (Hansen, Kringelbach, & Salmelin, 2010). The signal
quantified by MEG is reflective of the minute magnetic fields produced by the ionic currents of

11
active neuronal populations. The MEG signal is primarily sensitive to the dendritic currents
stemming from populations of pyramidal neurons within the neocortex (Hämäläinen et al., 1993;
Murakami & Okada, 2006). The bulk of the MEG signal reflects synchronous post-synaptic activity
mainly from the pyramidal neurons. The activity produced by the pyramidal cells is predominantly
dendritic currents, as opposed to action potentials, since dendritic currents are less transient
(Hämäläinen et al., 1993; Nó, 1947). Additionally, the post-synaptic activity captured by the MEG
is sensitive to both excitatory and inhibitory post-synaptic potentials.
The neuromagnetic fields produced by these neuronal populations are very small compared
to other environmental magnetic fields. For example, neuromagnetic fields often register at 10-15 T
while earth’s static field is 10-5 T (Hansen et al., 2010; Hari & Salmelin, 2012; Hämäläinen et al.,
1993; Supek & Aine, 2016; Tony W Wilson, 2014). This introduces the rationale for MEG
recordings to take place in a magnetically shielded room. The room walls are a combination of mu
metal and aluminum to block large magnetic fields from outside of the recording room.
Additionally, some shields have an active shield feature that allows for additional cancellation of
large magnetic fields outside of the recording room. The study participant is seated or supine with
his/her head placed within the helmet fitted with gradiometers, magnetometers, and
superconducting quantum interference devices (SQUIDS). The gradiometers are of primary interest
for this dissertation work. Each gradiometer is fashioned with a pick-up coil and a compensation
coil. The pick-up coil is the coil that senses the magnetic field changes of the underlying neural
tissue while the compensation coil measures the interfering signal. These two coils can be arranged
to sensitize the sensor for different spatial derivatives of the signal. The axial gradiometer has the
two coils stacked on top of each other and is most sensitive to the radial field component while the
planar gradiometer has the two coils side by side and is more sensitive for sources directly beneath
the coils (Hansen et al., 2010). MEG signals from the sensors are sent to the SQUIDS which act as
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a flux-to-voltage converter. The SQUID receives negative feedback equal to the voltage output in
a flux-locked loop and the negative feedback is recorded as the MEG signal.
In addition to the sensors in the helmet, four coils are affixed to the participant’s head, three
fiducials (nasion and bilateral periauricular points), and the scalp surface is digitized to determine
each participant’s head shape and to create a three-dimensional coordinate system. During the
recording, the coils are fed a unique electrical signal (e.g., 322 Hz). This induces a measurable
magnetic field and allows each coil to be localized in reference to the sensors throughout the
recording session. The coil locations are then known in head coordinates and then all MEG
measurements can be transformed into a common coordinate system.
With the exception of resting-state recordings, MEG experiments follow an event-related
design. This design includes individual trials that are comprised of a baseline period, no stimulation,
followed by the presentation of a stimulus. Several trials of the same event occur with the timing
of the event and responses noted with triggers within the data file. In the typical MEG experiment,
there are 80-100 trials per condition, per participant for a sufficient signal to noise ratio (Wilson,
2014). An inter-trial stimulus is selected and often between 500-1000 ms to allow the neural
populations of interest to return to a baseline level before initiating the next trial (Hansen et al.,
2010). The MEG signals are recorded continuously and are averaged across trials to improve the
signal-to-noise ratio. Evoked and oscillatory responses are recorded during the experiment. The
primary MEG signal of interest for this dissertation work is the oscillatory response. Oscillations
are the time-dependent variation of the amplitude within a frequency band of interest. The canonical
frequency bands often included are delta (0.05-3 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30
Hz), and gamma (>30 Hz). The ranges for each frequency band vary slightly in the literature. It is
thought that the individual frequency bands have distinct physiological roles specific to perception,
sensorimotor, and/or cognitive operations (Engel & Fries, 2010).
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Following the data collection, participant data can be corrected for head motion and
subjected to noise reduction such as signal space separation (Taulu & Simola, 2006). The magnetic
field data collected is composed of two separate expansions: one from magnetic fields originating
from the brain and the other magnetic fields from outside of the brain. Signal space separation
separates these expansions from one another and allows the fields outside of the brain to be
suppressed without distorting the fields originating from the brain as a function of time.
Additionally, artifacts such as heartbeat and eye blink related field data are identified visually and
subtracted from the MEG signal using a source space projection method. Lastly, artifact rejection
is performed to remove trials that display amplitude and gradient (amplitude as a function of time)
values outside of the distribution of interest.
Data for event-related MEG research designs are divided into epochs based on the expected
task-specific oscillatory responses. The epoch has a baseline portion and an active task portion. The
baseline is a time block when no task-related activity occurs. An appropriate baseline time window
can be determined by examining sensor level absolute power data and capturing a quiet and
temporally distant time window from the peri-movement or stimuli-induced oscillatory activity.
The task-specific portion of the epoch is intended to capture the task-related oscillatory activity that
occurs. Artifact-free epochs for each sensor are transformed into the time-frequency domain (i.e.,
time-frequency component (TFC) plots) using complex demodulation and averaging over the task
trials. Relative TFCs are created by dividing the power value of each time-frequency bin by the
respective bin’s baseline power, which is calculated as the mean power during the baseline. Specific
time-frequency windows used for localization of neuronal activity are determined by statistical
analysis of the TFCs across the entire array of gradiometers. Each data point in the spectrogram is
initially evaluated using a mass univariate approach based on the general linear model. To reduce
the risk of false positive results while maintaining reasonable sensitivity, a two-stage procedure is
typically followed to control for Type 1 error. In the first stage, one-sample t-tests are conducted
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on each data point and the output TFC of t-values is thresholded (e.g., p < 0.05) to define timefrequency
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across
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participants/conditions. In stage two, time-frequency bins that survived the threshold are clustered
with temporally and/or spectrally neighboring bins that were also above the (p < 0.05) threshold
and a cluster value is derived by summing all of the t-values of all data points in the cluster.
Nonparametric permutation testing is utilized to derive a distribution of cluster-values and the
significance level of the observed clusters (from stage one) are tested directly using this distribution
(Ernst, 2004; Maris & Oostenveld, 2007). For each comparison, 1,000 permutations are computed
to build a distribution of cluster values. The clusters of brain activity that survive analysis are either
event-related synchronizations (ERS) or event-related desynchronizations (ERD). An ERS
indicates an increase in neuronal power (or a decrease in neuronal inhibition) within a specified
time-frequency bin (determined by the size of the cluster) compared to a baseline period. An ERD
indicates a decrease in power within a specified time-frequency bin compared to a baseline period
and often is misinterpreted as a decrease in neuronal activity.
Once the time-frequency bin(s) have been selected from the cluster analysis, source space
analysis can be conducted (i.e., beamforming). The forward and inverse problem needs to be solved
to successfully approximate the origin of MEG data. The forward problem discusses the challenges
of determining the resulting distribution of MEG sensor measurements given a voxel (a cube of
brain tissue) of known location, orientation, and amplitude. The inverse problem discusses the
challenges of determining the location, orientation, and amplitude that a voxel would create in the
observed distribution of MEG sensor measurements. Both problems can be addressed by utilizing
beamformers. Beamformers are spatial filters designed to extract electrical activity from a target
brain location while suppressing contributions originating outside the target (Vrba, Taulu,
Nenonen, & Ahonen, 2010). A beamformer utilizes a weighting matrix that involves different
weights for each sensor based upon the voxel of the brain within interest and poses a solution to
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the forward problem. The sensors closer to the voxel of interest will have higher weighting values
compared to sensors further away since the magnetic field drops off as a function of distance.
Beamformers can create estimates for each voxel, can be made independent of other voxels
meaning they have no tendency of source drift to the surface (as in minimum norm based
approaches) and can image spectral power which is not necessarily phase-locked to the stimulus
(Barnes & Hillebrand, 2003). The inverse problem can be solved by applying the gradiometer’s
sensitivity of the sensor to the voxel. Gradiometers are most sensitive to voxels that are the closest
and least sensitive to those furthest away. The normalized power per voxel (pseudo-t) can be
computed over the entire brain volume per participant for group/condition statistical comparison.
Functional MRI and EEG often are comparable to MEG results both spatially and
temporally. MEG is superior to the fMRI BOLD response temporally since it does not rely on
lagged vascular responses, an indirect measure of neuronal activity. Several studies have
demonstrated similarities of spatial location (within 30 mm) of activity recorded with the fMRI
BOLD signal and MEG signal spanning theta to gamma bands (Brookes et al., 2005; Moradi et al.,
2003; Muthukumaraswamy & Singh, 2008; Stevenson, Brookes, & Morris, 2011; Stevenson et al.,
2012; Winterer et al., 2007; Zumer, Brookes, Stevenson, Francis, & Morris, 2010). Local field
potentials, the primary metric captured with the fMRI BOLD signal, and MEG demonstrate a
negative correlation within the alpha and beta frequencies and a positive correlation within the
gamma frequency (Hall, Robson, Morris, & Brookes, 2014). The rationale behind these different
associations is thought to stem from the neuronal activity patterns underlying the specific frequency
bands. Alpha and beta signals may reflect thalamocortical or cortico-cortical interactions while
gamma activity may reflect more the local neuronal communication. The association between the
fMRI BOLD signal also seems to be task-specific. Stevenson, et al., (2011), utilized a visual
stimulus and modified the grading throughout the experiment. The beta event-related
desynchronization power remained the same with grading modifications while the fMRI BOLD
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signal demonstrated significant changes. However, the gamma band response increased with
stimulus contrast suggesting that the BOLD response may be more closely linked with gamma
oscillatory activity than to lower frequency activity (Hall et al., 2005; Logothetis, Pauls, Augath,
Trinath, & Oeltermann, 2001; Niessing et al., 2005; Stevenson et al., 2011).
It is not surprising that EEG and MEG signals are spatially and temporally similar. Both
techniques are measuring the same signal (post-synaptic ionic currents) but the EEG signal
measures this directly while the MEG signal measures the magnetic field produced by the ionic
currents. There are consistent physical differences in the generated electrical fields and magnetic
fields likely due to the sensitivity of each technique to the direction specific sources (Cohen &
Cuffin, 1983; Cohen & Hosaka, 1976; Hämäläinen et al., 1993). EEG is more sensitive to deeper
brain structures due to the ionic current signal having little change in strength over the distance
between the recording sensor and active brain region. MEG and EEG spatial patterns of
tangentially-oriented sources are perpendicular to each other suggesting differential spatial
sampling of neural activity. Lastly, the EEG signal is deflected and often smeared by the tissues of
the head (skull, CSF, etc…) while the MEG signal is kept intact. Assuming a similar number of
sensors, EEG and MEG will produce nearly identical results.
The inhibitory neurotransmitter γ-Aminobutyric acid (GABA) is a neurotransmitter of
interest specifically for this dissertation work as GABA levels have been shown to often be elevated
in individuals with CP (Jong Doo Lee et al., 2007; Park et al., 2013). GABA has demonstrated a
robust relationship with cortical electrical oscillations. Muthukumaraswamy et al., (2009), utilized
a grating visual stimulus paradigm and found that the resting GABA levels within the visual
cortices were positively correlated with gamma frequency while negatively correlated with the
magnitude of the fMRI BOLD signal. Additionally, previous literature suggests the role of GABA
in modulating beta and gamma oscillatory power in the motor cortices (Gaetz, Edgar, Wang, &
Roberts, 2011; Hall et al., 2011; Heinrichs-Graham & Wilson, 2016; Jensen et al., 2005;
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Muthukumaraswamy et al., 2013). In general, higher levels of GABA (endogenously or by
pharmacological manipulation) have demonstrated an increase in beta power in the sensorimotor
cortices and movement-related beta and gamma oscillatory activity (Gaetz et al., 2011; Hall et al.,
2011; Muthukumaraswamy et al., 2013). Gaetz et al., (2011), reported that the movement-related
gamma oscillatory response frequency was positively correlated with GABA concentration.
Increases in GABA concentration via benzodiazepine administration or as a function of age has
been associated with increases in spontaneous and movement-related beta ERD power (i.e., more
negative relative to baseline) within the motor cortex (Hall et al., 2011; Muthukumaraswamy et al.,
2013; Rossiter, Davis, Clark, Boudrias, & Ward, 2014). These results further support that the MEG
signal is likely dependent on excitation/inhibitory neuronal activity within the cortex.
Motor and Sensory Abilities of Individuals with CP
Children and adolescents with CP are often less physically active and typically walk less
than age-matched, neurologically intact peers (Bjornson, Belza, Kartin, Logsdon, & McLaughlin,
2008; Carlon, Taylor, Dodd, & Shields, 2013; Zwier et al., 2010). One explanation for these activity
differences is the underlying motor system impairments. Motor impairments in individuals with
cerebral palsy can be related to both peripheral and central alterations. Peripherally, motor
impairments can be attributed to decreased torque production as a function of speed and contraction
type (i.e., eccentric vs. concentric), type I fiber dominance, less fibers within skeletal muscle, motor
unit changes, modified viscoelastic properties, and contractures (Baldwin & Haddad, 2001;
Damiano et al., 2001; Jones, Round, & De Haan, 2004; Lieber & Fridén, 2002; Malaiya et al., 2007;
Rose et al., 1994). Overall, central motor impairments have been attributed to pyramidal tract
damage, deficits in motor unit selection (e.g., co-contraction), slower and decreased motor unit
recruitment, and deficits in firing rate modulation (Bohannon, 1989; Damiano, Dodd, & Taylor,
2002; Rose & McGill, 2005; Stackhouse, Binder-Macleod, & Lee, 2005). In addition to motor
impairments, sensory impairments also may explain activity differences in individuals with CP.
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Both motor and sensory impairments in individuals with CP have been interrogated further and
explored with several neuroimaging techniques such as MEG, fMRI, structural MRI (sMRI), DTI,
and TMS. Following the initial insult, several MEG, fMRI, TMS, and DTI studies have
demonstrated changes in central nervous system motor and sensory neural pathways (Carr,
Harrison, Evans, & Stephens, 1993; Holmstrom et al., 2010; Kurz, Heinrichs-Graham, Arpin,
Becker, & Wilson, 2014; Maegaki et al., 1999; Staudt et al., 2002; Vandermeeren et al., 2003). It
appears the amount of activation of ipsilateral compared to contralateral cortices is related to the
severity of the brain pathology. Those with high severity brain pathology reported from sMRI have
more activity in the ipsilateral sensory and motor-related neuronal tracts while those with low
severity have active contralateral fibers often active in addition to ipsilateral (Staudt et al., 2002).
The integrity of the contralateral corticospinal tract has been related to upper extremity function
indicating those with intact contralateral CST projections have better upper extremity function
(Friel et al., 2014; Rickards et al., 2014; Trivedi et al., 2008). However, there have been mixed
reports of the corticospinal tract’s integrity being predictive of response to selected upper extremity
therapeutic interventions. Some studies have shown CST integrity is predictive of the benefit of
contralateral versus ipsilateral stimulation paradigms (Friel et al., 2017; Kuo et al., 2017; Pai,
Terranova, Simis, Fregni, & Battistella, 2018) but not predictive of interventions such as constraint
induced movement therapy (CIMT) or bimanual therapy such as hand arm bimanual intensive
therapy (HABIT; Friel et al., 2014; Islam et al., 2014; Rickards et al., 2014; Smorenburg et al.,
2017). These results indicate a limited connection between pathology and function. In addition to
CST integrity, understanding the relationship between the lesion type and lesion locations outside
of the CST with the sensory system and motor system in those with CP may provide a better
understanding of upper extremity function.
In regards to lesion type, those with periventricular lesions have been found to have better
hand function than those with cortical or subcortical lesions (Cioni et al., 1999; Feys et al., 2010;
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Forssberg, Eliasson, Redon-Zouitenn, Mercuri, & Dubowitz, 1999; Holmefur et al., 2013). The
location of brain damage can also be linked with motor and sensory ability. Hoon, et al., (2009),
found that a damaged corticospinal tract did not associate with motor and sensory impairments but
damage to the posterior thalamic tracts was associated with both motor and sensory impairment.
Additionally, those with hemiplegic cerebral palsy and ipsilateral corticospinal projections have
poorer hand function than those that had contralateral corticospinal projections (Holmstrom et al.,
2010; Staudt et al., 2004). Another portion of the brain often lesioned in individuals with CP is the
sensorimotor cortices. The sensorimotor cortices are the portions of the brain that are often active
during sensory stimulation and motor processing with respect to the homunculus representation.
The regions within the sensorimotor cortices include the primary motor cortex (i.e., precentral
gyrus), supplementary motor area, premotor cortices, primary sensory cortex (i.e., postcentral
gyrus), secondary somatosensory cortex, and posterior parietal cortex (Hudspeth, Jessell, Kandel,
Schwartz, & Siegelbaum, 2013; Wilson et al., 2010). The topography of activation in those with
CP is more variable during movement and sensory stimulation compared to controls indicating
other brain resources may be utilized to compensate for the damaged brain tissues. For example,
children with CP have been shown to demonstrate higher activation of prefrontal cortices during
movement and more variability of peak activation within the ipsilesional primary motor cortex
(Surkar, Hoffman, Harbourne, & Kurz, 2018; Wilke et al., 2009).
Some literature has also explored temporal brain activity differences in individuals with
CP during a knee extension target matching paradigm (Kurz, Proskovec, Gehringer, HeinrichsGraham, & Wilson, 2017). Those with CP had slower reaction times, larger overshoot errors, and
took longer to match the target. With this paradigm, it was found that children with CP
demonstrated a stronger alpha and beta ERD amplitude in the primary motor cortices, premotor
areas, inferior parietal lobe, and inferior frontal gyrus during the motor planning stage.
Additionally, it has been shown that children with CP have a decreased gamma ERS during lower
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extremity movement execution (Kurz, Becker, et al., 2014). Collectively, these results may indicate
difficulty with formulating an effective motor plan, and that may result in unsuccessful motor
execution to achieve the desired goal during lower extremity movement. However, no literature
has explored if similar planning and execution aberrations occur with upper extremity movement.
The upper extremities in individuals with CP are often weak and lack isolated finger movement,
therefore requiring recruitment of several fingers for tasks that require fewer fingers, resulting in
inefficient and often ineffective movements (Staudt, 2010). Behavioral results demonstrate
potential motor planning and/or motor deficits may occur with upper extremity movement tasks
(Lust et al., 2018; Steenbergen et al., 2013). Addressing this knowledge gap could give insight into
possible motor planning, motor execution, and internal model development in individuals with CP
and ultimately optimal therapeutic interventions to address these impairments.
It is also important to address this knowledge gap as a function of age. The CP literature is
dominated by pediatric research while very little is known about ideal interventions for adults. We
suspect different interventions should be utilized based on reported age-related changes occurring
earlier in adults with CP. Some of these changes and symptoms include a decline in muscle size,
premature sarcopenia, obesity, arthropathies, fatigue and pain all of which can impact motor
performance and intervention selection and response (Hilberink et al., 2007; Murphy, Molnar, &
Lankasky, 1995; E. Y. Park & Kim, 2017; Peterson, Gordon, & Hurvitz, 2013; Tosi, Maher, Moore,
Goldstein, & Aisen, 2009). Functionally, adults with CP have declines in ambulation distance and
dressing ability as a function of age (Day, Wu, Strauss, Shavelle, & Reynolds, 2007; D. Strauss,
Ojdana, Shavelle, & Rosenbloom, 2004). Additionally, age-related gross motor decline has been
linked with a lower quality of life in adults with CP (Tarsuslu & Livanelioglu, 2010). Therefore,
we suggest identifying the temporal brain activity in children as well as adults with CP during an
upper extremity movement task.
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Selective Attention and Working Memory
One in two individuals with CP may have a cognitive impairment (Novak et al., 2012).
Selective attention and WM are essential cognitive functions utilized in the brain to effectively
prioritize what to focus on and to sufficiently remember information in quiet or distracting
environments. The primary purpose of visual selective attention is to focus on a relative visual
stimulus while disregarding distracting or unrelated visual stimuli (Carrasco, 2011; Driver, 2001).
Visual selective attention is necessary to complete many goal-oriented tasks in daily life. Two
cortical networks that are commonly active during visual selective attention tasks are the dorsal
attention network (DAN) and the ventral attention network (VAN). The DAN is associated with
top-down control of attention related to voluntary and goal-directed behaviors and includes brain
regions such as the frontal eye fields and the bilateral intraparietal sulcus (Corbetta et al., 2008;
Corbetta & Shulman, 2002). The VAN network is thought to facilitate stimulus detection when
unexpected or distracting stimuli are present and includes brain regions such as the temporoparietal
junction, the ventral frontal cortex, and the insula (Corbetta et al., 2008; Corbetta & Shulman, 2002;
McDermott et al., 2019; McDermott et al., 2017). While anatomically and functionally separate,
the DAN and VAN are involved with normal attentional function and dynamically interact during
attentional processing (McDermott et al., 2017; Vossel, Geng, & Fink, 2014; Vossel, Weidner,
Driver, Friston, & Fink, 2012). MEG results have indicated that there are changes in the strength
of the theta (4 – 8 Hz) and alpha (8 – 12 Hz) frequencies within the DAN and VAN during selective
attention tasks (Corbetta et al., 2008; Corbetta & Shulman, 2002; Lew et al., 2018; McDermott et
al., 2019; McDermott et al., 2017; Webb et al., 2016). Despite the growing recognition of the role
of the DAN and VAN attention networks, we have limited knowledge about the function of these
networks as individuals with CP selectively attend to objects in their visual field. This information
can provide further insight into the abilities of children and adults with CP to attend to objects in
their visual field, a key component before attempting to interact with the environment.
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Working memory (WM) entails receiving and temporarily storing new information that is
later manipulated for further cognitive processing. Additionally, WM is a critical process for
completing many daily functions. This process involves three sub-phases: encoding, maintenance,
and retrieval (Baddeley, 1992a, 2000; Baddeley et al., 2011; D'Esposito, 2007; Heinrichs-Graham
& Wilson, 2015). Encoding refers to loading information into memory, maintenance refers to the
active storage and rehearsal of the information, and retrieval is the active recall of information for
a cognitive task. The WM-related brain activations have been linked with several neuroanatomical
locations such as frontoparietal networks, occipital cortices, and the cerebellum. The active
neuroanatomical regions during each of the respective phases are dependent on the paradigm and
stimuli. This dissertation work focuses on verbal WM-related brain activity and the following
literature is catered accordingly. Verbal WM, in this case, refers to the recall of a presented singular
letter being part of a previously presented series of letters. Several studies have examined verbal
WM-related brain activity utilizing techniques such as positron-emission tomography and fMRI
(Cabeza & Nyberg, 2000; Rottschy et al., 2012; Thomason et al., 2009; Walter et al., 2003). This
literature has been further expanded on with EEG and MEG methods providing frequency-specific
oscillatory dynamics for each phase of verbal WM (Brookes et al., 2011; Heinrichs-Graham &
Wilson, 2015; Proskovec et al., 2016; Proskovec, Heinrichs-Graham, et al., 2019; Stephane et al.,
2012; Stipacek, Grabner, Neuper, Fink, & Neubauer, 2003). Specifically, during the encoding
period (~200 ms), there is a brief increase in theta power (~25 ms) within the frontal midline region
followed by a strong decrease in alpha and beta initially present in the occipital cortices. The alphabeta response then spreads anteriorly predominantly in the left hemisphere towards the temporal
and frontal cortices during the second half of the encoding phase (Heinrichs-Graham & Wilson,
2015; Proskovec et al., 2016; Proskovec, Heinrichs-Graham, et al., 2019; Stephane et al., 2012).
The alpha-beta response within the occipital cortex is typically attributed to visual perception and
visuospatial attention to the stimulus (Cohen, 1968; Gould, Rushworth, & Nobre, 2011). Regions
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within the temporal and frontal regions such as the left dorsolateral prefrontal cortex, the frontal
midline, the left middle temporal area, and the left supramarginal areas often display alpha-beta
response during encoding (Heinrichs-Graham & Wilson, 2015; Proskovec et al., 2016; Proskovec,
Heinrichs-Graham, et al., 2019). These regions are well linked in the literature with language
processing and WM paradigms (Baddeley, 1992a, 2000; Baddeley et al., 2011; Wilson, Leuthold,
Lewis, Georgopoulos, & Pardo, 2005a, 2005b; Wilson et al., 2007). Additionally, the strength of
the theta response and alpha-beta response are modulated by the WM load with stronger responses
demonstrated as WM load increases (Proskovec, Heinrichs-Graham, et al., 2019). The strength of
the alpha-beta response (a decreased in power compared to baseline) in the occipital lobe reduces
(the response comes closer to baseline activity) as a function of time and evolves into an increase
alpha power (greater power than baseline) during the maintenance period (~300 ms). The alpha
response in the parieto-occipital sulcus has been shown to be associated with memory load and
ignoring irrelevant information (Bonnefond & Jensen, 2012; Jensen et al., 2002; Tuladhar et al.,
2007). For example, when comparing less versus more distracting/irrelevant stimuli within the WM
paradigm, the alpha response was stronger during the maintenance phase during the more
distracting stimuli (Bonnefond & Jensen, 2012). The retrieval period often contains a decrease in
alpha-beta power located within the sensorimotor cortices that is attributed to the motor-related
responses associated with a button press (Heinrichs-Graham et al., 2014; Pfurtscheller & Berghold,
1989; Tzagarakis et al., 2010; Wilson et al., 2010). A button press response is utilized as a
behavioral measure of WM accuracy and attentiveness to the task.
It can be seen that there is an extensive amount of literature exploring the widespread
temporal dynamics that underlie the neurophysiological processes associated with verbal WM in
healthy adults. Behavioral WM impairments have been suggested as a rationale for learning
difficulties identified in individuals with CP (Jenks et al., 2009; Jenks et al., 2007; Van Rooijen et
al., 2014; van Rooijen et al., 2012). Lower WM function has also been linked with poor motor skill

24
learning (van Abswoude et al., 2015). However, very little is known about the cortical
neurophysiology underlying WM performance in adults with CP. Such information can be utilized
to not only improve WM performance but could have positive impacts on academic and motor
learning.
Purpose of Dissertation
This literature review has identified knowledge gaps in the neurophysiological mechanisms
that serve upper extremity motor function, selective attention, and WM in individuals with CP. All
of these functions are fundamental for completing the highest level of activity and participation.
Therefore, the primary purpose of this dissertation is to better understand task performance and
brain-related activity while children and adults with CP perform a hand motor task, a selective
attention task, and a WM task separately. We hypothesize that performance will be declined in all
three tasks for children and adults with CP compared to a similarly aged group of peers.
Additionally, this decline in performance will be related to oscillatory specific aberrations, as
measured with MEG. These results will be the foundational knowledge for interventions to better
target and improve an adult with CP’s ability to perform daily tasks. This ultimately will allow
them to be more independent, pursue their own vocational goals, and improve their quality of life.
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CHAPTER 2: SENSORIMOTOR CORTICAL OSCILLATIONS SCALE WITH AGING
IN CEREBRAL PALSY
Introduction
Cerebral palsy (CP) results from an early brain injury and is the most common neuromotor
developmental disability with an incidence of 3-4/1000 live births (Rosenbaum et al., 2007; Van
Naarden Braun et al., 2016). The motor impairments seen in individuals with CP can be attributed
to alterations within the central nervous system (CNS) as well as the peripheral nervous system.
Specifically within the CNS, alterations include cerebral gray and white matter damage (Ferriero,
2004; Himmelmann et al., 2017; Himmelmann & Uvebrant, 2011; Rose, Guzzetta, Pannek, &
Boyd, 2011), aberrant cortical activation (Hoffman et al., 2019; Kurz, Becker, et al., 2014; Kurz et
al., 2017; Surkar et al., 2018), pyramidal tract damage (Friel, H.-C. Kuo, J. B. Carmel, Rowny, &
Gordon, 2014; Rosenbaum et al., 2007), deficits in spinal cord transmission (Achache et al., 2010;
Hodapp et al., 2007; Hodapp, Vry, Mall, & Faist, 2009), impaired motor unit selection (e.g., cocontraction; (Damiano et al., 2002; Damiano, Martellotta, Sullivan, Granata, & Abel, 2000), slower
and decreased motor unit recruitment, and deficits in firing rate modulation (Damiano et al., 2002;
Marciniak, Li, & Zhou, 2015; J. Rose & McGill, 2005; Stackhouse et al., 2005). Collectively, there
are several CNS components that may play a part in the motor behavioral deficits and subsequently
influence the activities of daily living in individuals with CP.
Historically, CP has been examined and thought of as a pediatric disorder. However, at
least eighty percent of individuals with CP live well into adulthood (58 years and beyond), and
continue to experience further motor declines (Blair, Langdon, McIntyre, Lawrence, & Watson,
2019; Strauss et al., 2008). Many adults with CP demonstrate accelerated decline that impacts the
motor system with age. Some of these potential changes can include a decrease in muscle size,
range of motion, isolation of muscle activation, and aerobic endurance often accompanied by
premature sarcopenia, muscle atrophy, increased spasticity, obesity, arthropathies, fatigue, and pain
(Hilberink et al., 2007; Murphy et al., 1995; Nagashima et al., 1993; Oude Lansink, McPhee,
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Brunton, & Gorter, 2018; Park & Kim, 2017; Peterson et al., 2013; Saavedra, Joshi, Woollacott, &
van Donkelaar, 2009; Tosi et al., 2009). These declines impact the ability to perform upper
extremity tasks of daily living (i.e., buttoning a shirt, brushing teeth, cutting and preparing food),
and completing such tasks often becomes progressively more difficult with age (Strauss et al.,
2004). Although there is a growing body of literature cataloging the aging effects on individuals
with CP, very little is known about the changes seen in the brain. One of the few studies conducted
with transcranial magnetic stimulation (TMS) suggests that adults with CP have lower activation
of the corticospinal pathways during voluntary muscular contractions (Condliffe et al., 2019). This
implies that the altered cortical activity seen in adults with CP might impact their ability to excite
the spinal neuronal pools that are involved in the recruitment of the pertinent motor units (Condliffe
et al., 2019; Frisk et al., 2017). However, support for this premise is premature as we have an
extremely limited understanding of how aging in this patient population influences activity seen in
the key cortical networks that are involved in the production of a motor action.
The induced cortical oscillatory activity underlying movement production has been
extensively studied over the past several decades. In individuals with no neurological deficits, there
is a prominent change in the beta (~15-30 Hz) sensorimotor cortical oscillations that surrounds
movement onset. Specifically, the induced beta cortical rhythms display a decrease in their power
(e.g., event-related desynchronization), that begins prior to movement onset and is sustained
throughout the movement duration (Cheyne, Bakhtazad, & Gaetz, 2006; Engel & Fries, 2010;
Gaetz et al., 2010; Heinrichs-Graham, Hoburg, & Wilson, 2018; Heinrichs-Graham et al., 2014;
Kurz, Becker, et al., 2014; Wilson et al., 2010). The beta event-related desynchronization (ERD) is
typically strongest and centered on the sensorimotor cortices with a somatotopic/motortopic
organization contralateral to the movement. Other regions that generate a beta ERD, especially
during complex movements, include the supplementary motor area (SMA), premotor cortices,
parietal cortices, and the cerebellum (Cheyne et al., 2006; Heinrichs-Graham, Hoburg, et al., 2018;
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Heinrichs-Graham & Wilson, 2015a; Heinrichs-Graham & Wilson, 2016; Kurz, Becker, et al.,
2014; Wilson et al., 2010; Wilson et al., 2011). The sensorimotor beta ERD has been linked with
motor planning and movement selection (Alegre et al., 2003; Doyle, Yarrow, & Brown, 2005;
Heinrichs-Graham, Arpin, & Wilson, 2016; Heinrichs-Graham & Wilson, 2015a; Tzagarakis et al.,
2010). For example, the amplitude of the beta ERD has been shown to be modified by complexity
of movement (Heinrichs-Graham & Wilson, 2015a), certainty of movement (Doyle et al., 2005;
Kaiser, Birbaumer, & Lutzenberger, 2001; Tzagarakis et al., 2010), conflicting response commands
(Heinrichs-Graham, Hoburg, et al., 2018), and similarity of movement plans (Grent-'t-Jong,
Oostenveld, Jensen, Medendorp, & Praamstra, 2014; Praamstra, Kourtis, & Nazarpour, 2009).
Following the termination of movement, a synchronization within the beta band occurs, termed the
post-movement beta rebound (PMBR). Although, the PMBR is not thought to be directly associated
with movement planning and execution considering the time of response, but more so involved
with afferent sensory feedback and internal model maturation (Alegre, Alvarez-Gerriko, Valencia,
Iriarte, & Artieda, 2008; Alegre et al., 2004; Arpin et al., 2017; Cassim et al., 2001; Gaetz &
Cheyne, 2006; Heinrichs-Graham, Hoburg, et al., 2018; Heinrichs-Graham, Kurz, Gehringer, &
Wilson, 2017; Jurkiewicz, Gaetz, Bostan, & Cheyne, 2006; Parkes, Bastiaansen, & Norris, 2006;
Tan et al., 2016; Wilson et al., 2010).
Despite our advanced understanding of the sensorimotor cortical oscillatory activity seen
in healthy controls, we have a substantial knowledge gap in our understanding of these seminal
cortical oscillations in individuals with CP. The few preliminary studies conducted have inferred
that the induced beta sensorimotor cortical oscillatory activity is uncharacteristic in children with
CP during the motor planning and execution stages (Hoffman et al., 2019; Kurz, Becker, et al.,
2014; Kurz et al., 2017). Furthermore, these seminal magnetoencephalographic (MEG) studies
suggest that there is likely a link between the extent of the alterations seen in the induced cortical
beta rhythms and the atypical motor actions. Nevertheless, none of these prior studies have
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evaluated the sensorimotor cortical oscillatory activity in adults with CP nor how they may change
with age.
The current investigation aimed at quantifying the differences in the age-related changes
in the induced sensorimotor cortical oscillations seen in individuals with CP. To this end, 85
participants that spanned an age range of 9 to 47 years performed an arrow-based version of the
Eriksen flanker task while undergoing MEG brain imaging. The Eriksen flanker task is a classic
paradigm that captures the process of identifying a stimuli and producing a movement amidst
competing environmental stimuli (Eriksen & Eriksen, 1974). Briefly, participants attended to a
central target stimulus that is “flanked” by distracting visual stimuli. The paradigm contains two
trial conditions. In the “congruent” condition, the flanking stimuli are visually the same as the
central target stimuli, while the “incongruent” condition has different surrounding stimuli that
distract from the target stimuli. Typically, participants have a longer reaction time for the
incongruent condition compared to the congruent condition, and this is referred to as the “flanker
effect”. Numerous MEG brain imaging studies have used this task to reliably evaluate the
sensorimotor beta cortical oscillatory activity involved in the production of a motor action
(Embury, Heinrichs-Graham, et al., 2019; Heinrichs-Graham, Hoburg, et al., 2018; Hoffman et al.,
2019). Using this task, we hypothesized that the group with CP would demonstrate divergent beta
age-related changes in the induced cortical oscillatory activity when compared to the controls.
Secondly, we hypothesized that the group with CP would have aberrant peri-movement
sensorimotor beta oscillatory activity that would be connected with their motor performance
deficits.
Methods
Participants
Individuals with CP (N = 38; Age = 24.1 ± 10.6 yrs.; Range = 9-47 yrs.; MACS I-III;
GMFCS I-IV; spastic diplegic N = 28; spastic hemiplegic N = 10) and controls (N = 47; Age =
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21.6 ± 9.9 yrs.; Range = 11-49 yrs.) participated in this investigation. None of the participants had
a prior history of epilepsy or seizure activity. In addition, the individuals with CP primarily had
white matter injuries and no volume loss that would affect the integrity of the cortical surface. Each
participant and/or their parent/guardian provided written assent and consent, respectively, to
participate in the investigation. The protocol for this investigation was approved by the University
of Nebraska Medical Center’s Institutional Review Board and in compliance with the Code of
Ethics of the World Medical Association.
MEG Data Acquisition and Experimental Paradigm
Neuromagnetic responses were sampled continuously at 1 kHz with an acquisition
bandwidth of 0.1 – 330 Hz using an Elekta MEG system (Helsinki, Finland). All recordings were
conducted in a one-layer magnetically-shielded room with active shielding engaged for advanced
environmental noise compensation. The participants were seated upright in a magnetically silent
chair and completed an arrow-based version of the Eriksen flanker task (Eriksen & Eriksen, 1974).
Each trial began with a fixation cross that was presented for an interval of 1500 ± 50 ms. A row of
five arrows was then presented for 2500 ms and the participants were instructed to respond as to
the direction of the middle target arrow with their second (left arrow) or third (right arrow) digit of
the right hand using a custom 5-button pad (Fig 1). Visual presentation consisted of either a series
of flanking arrows that had directions that were congruent (i.e., same direction) or incongruent (i.e.,
opposite direction) of the middle target arrow. The task stimuli were visually projected onto a
screen that was approximately one meter from the participant. A total of 200 trials were presented,
making the overall MEG recording time about 14 minutes. Trials were equally split and pseudorandomized between congruent and incongruent conditions, with left and right pointing arrows
being equally represented in each condition. Only correct responses were included for further
analysis.
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Figure 1: Flanker Task Paradigm
Each trial began with a fixation cross for 1500 ± 50 ms during which time subjects were instructed
to focus on the fixation cross. Then an array of arrows appeared for 2500 ms. As soon as the
arrows appeared, subjects responded with their right hand on a button pad whether the middle
arrow was pointing to the left (second digit) or right (third digit). A congruent trial indicated a
trial when the flanking arrows were the same as the middle arrow. An incongruent trial indicated
the flanking arrows were pointing the opposite direction as the middle arrow.
Motor Behavioral Data
The output of the button pad was simultaneously collected at 1 kHz along with the MEG
data. Accuracy was defined as the number of correct trials divided by the total number of trials
presented and reported as a percentage. The time the participant took to decide the direction of the
target arrow (i.e., reaction time) was calculated based on the time difference between when the
arrow array was presented and when the button was pressed. Separate mixed-model ANOVAs
(congruent/incongruent x group) were used to evaluate differences in the respective behavioral
outcome measures. All behavioral data analyses were conducted with SPSS statistical software
(IBM, Armonk, NY) using a .05 α level.
MEG Coregistration
Four coils were affixed to the participant’s head and were used for continuous head
localization. Prior to the experiment, the location of these coils, three fiducial points, and the scalp
surface was digitized to determine their three-dimensional position (Fastrak 3SF0002, Polhemus
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Navigator Sciences, Colchester, VT, USA). Briefly, an electric current with a unique frequency
label (e.g., 322 Hz) was fed to each of the four coils during MEG data acquisition. This induced a
measurable magnetic field and allowed each coil to be localized throughout the recording session.
Since the coil locations were also known in head coordinates, all MEG measurements could be
transformed into a common coordinate system. With this coordinate system (including the scalp
surface points), each participant’s MEG data was coregistered with the native space
neuroanatomical MRI data using the three external landmarks (i.e., fiducials), and the digitized
scalp surface points prior to source space analyses. The neuroanatomical MRI data were aligned
parallel to the anterior and posterior commissures and transformed into standardized space using
BESA MRI (Version 2.0; BESA GmbH, Gräfelfing, Germany).
MEG Pre-Processing, Time-Frequency Transformation, & Statistics
Using the MaxFilter software (Elekta), each MEG dataset was individually corrected for
head motion that may have occurred during the task performance and was subjected to noise
reduction using the signal space separation method with a temporal extension (Taulu & Simola,
2006). Artifact rejection was based on a fixed threshold method, supplemented with visual
inspection. The continuous magnetic time series was divided into epochs of 2000 ms in duration,
with 0 ms defined the button press response and the baseline being -1600 to -800 ms. Artifact-free
epochs for each sensor were transformed into the time-frequency domain using complex
demodulation (Papp & Ktonas, 1977) and averaged over the respective trials. These sensor-level
data were then normalized per time-frequency bin using the mean power for the specific frequency
during the baseline (-1600 to -800 ms). The specific time-frequency windows used for imaging
were determined by statistical analysis of the sensor-level spectrograms across the entire array of
gradiometers. Each data point in the spectrogram was initially evaluated using a mass univariate
approach based on the general linear model. To reduce the risk of false positive results while
maintaining reasonable sensitivity, a two-stage procedure was followed to control for Type 1 error.
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In the first stage, one-sample t-tests were conducted on each data point and the output spectrogram
of t-values was thresholded at P < 0.05 to define time-frequency bins containing potentially
significant oscillatory deviations across all participants and conditions. In stage two, timefrequency bins that survived the threshold were clustered with temporally and/or spectrally
neighboring bins that were also above the (P < 0.05) threshold and a cluster value was derived by
summing all of the t-values of all data points in the cluster. Nonparametric permutation testing was
then used to derive a distribution of cluster-values and the significance level of the observed clusters
(from stage one) were tested directly using this distribution (Ernst, 2004; Maris & Oostenveld,
2007). For each comparison, 1,000 permutations were computed to build a distribution of cluster
values.
MEG Source Imaging
A beamforming algorithm was employed to calculate the source power across the entire
brain volume (Gross et al., 2001). The single images were derived from the cross spectral densities
of all combinations of MEG sensors, and the solution of the forward problem for each location on
a grid specified by input voxel space. Following the convention for calculating the relative change
in the oscillatory activity, the source power in these images was normalized per subject using a
separately averaged pre-stimulus noise period of equal duration and bandwidth (Hillebrand &
Barnes, 2005; Hillebrand, Singh, Holliday, Furlong, & Barnes, 2005; Van Veen, van Drongelen,
Yuchtman, & Suzuki, 1997). Thus, the normalized power per voxel (pseudo-t) was computed over
the entire brain volume per participant at 4.0 x 4.0 x 4.0 mm resolution. Each participant’s
functional images, which were coregistered to their structural T1-weighted MRI prior to
beamforming, were transformed into standardized space using the transform previously applied to
the structural MRI volume and spatially resampled. MEG pre-processing and imaging used the
BESA software (BESA v6.0; Grafelfing, Germany).
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To examine if the strength of the beta oscillatory activity covaried with age, we conducted
a whole-brain one-way ANCOVAs utilizing Statistical Parametric Mapping (SPM 12). The beta
ERD and PMBR were the continuous variables while group was a categorical variable. The
covariate for this model was the age. Separate ANCOVA models were completed for the beta ERD
and PMBR responses. An α level of 0.05 was utilized with familywise error (FWE) correction for
multiple comparisons.
Virtual sensors representing the neural time course of the induced oscillatory activity (e.g.,
relative change) were extracted from the peak identified in the grand average beamformed images
(collapsed across group and condition). These virtual sensors were calculated by applying the
sensor weighting matrix derived through the forward computation to the pre-processed signal
vector, which yielded two time series (one for each orthogonal orientation) for each coordinate in
source space. The vector sum of the two time series was utilized for further analyses. The induced
oscillatory activity was calculated from the average of the time windows of interest identified from
the time-frequency plots (i.e., motor planning and motor execution). The oscillatory activity was
then separately compared between groups utilizing independent sample t-tests. Lastly, Pearson
correlations were utilized to determine relationships between the oscillatory activity and the
behavioral outcome measures.
Results
Of the 85 participants who completed the task, two individuals with CP and one control
were excluded for accuracy values less than three standard deviations below the mean for each
group (mean ± 1 SD; CP: 89.8 ± 12.0%; controls: 99.3 ± 1.7%), and an additional two individuals
with CP and five controls were excluded due to excessive motion and/or other MEG artifacts. A
cohort of 33 individuals with CP (Age = 24.0 ± 10.7 yrs.; Range = 9-47 yrs.) and 40 controls (Age
= 21.0 ± 10.5 yrs.; Range =11-49 yrs.) was used in the final analyses.
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Behavioral Results
The analysis of accuracy revealed there was a significant main effect of condition (P <
0.001) indicating all participants were less accurate during the incongruent condition compared to
the congruent conditions (incongruent: 93.0 ± 12.6%; congruent: 96.3 ± 6.5%). Additionally there
was a significant group effect (P < 0.001) such that the group with CP was less accurate than the
controls (CP: 89.8 ± 12.0%; controls: 99.3 ± 1.7%). Lastly, there was a significant group-bycondition interaction (P < 0.001). Follow-up analysis showed the group with CP was less accurate
for the incongruent condition (incongruent: 86.3 ± 16.5%; congruent: 93.1 ± 8.6%; P = 0.001),
while the controls did not have significant accuracy differences between conditions (incongruent:
98.6 ± 1.7%; congruent: 98.9 ± 1.7%; P = 0.09).
The analysis of reaction time revealed a main effect of condition (P < 0.001) that is
consistent with the “flanker effect” indicating all participants took longer to respond to the
incongruent condition compared to congruent condition (incongruent: 818.0 ± 304.3 ms; congruent:
754.6 ± 280.3 ms). Additionally, there was a main effect of group (P < 0.001) such that participants
in the CP group were significantly slower to respond across conditions compared to the controls
(CP: 968.7 ± 325.8 ms; controls: 633.5 ± 147.6 ms). There was not a significant group-by-condition
interaction (P = 0.121), indicating the “flanker effect” was similar for both groups.
Sensor Level Analysis
Time-frequency analyses were implemented across all participants and gradiometer
sensors in order to determine the time-frequency windows of interest for follow-up beamforming
analysis. Statistical analysis of the time-frequency spectrograms demonstrated a significant induced
beta ERD and PMBR response within the 14-26 Hz frequency range across a large number of
sensors near the contralateral sensorimotor cortex. The sensor-level statistical analysis indicated
the beta ERD began 300 ms prior to hand movement (0 ms) and was sustained until 300 ms after
the hand movement (i.e., -300 to 300 ms). Shortly after, there was prominent PMBR that occurred
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600 ms after movement onset and lasted until 1100ms (i.e., 600-1100ms). For illustrative purposes,
we show spectrograms for both groups and separate group-averaged time-frequency spectrograms
in Figure 2, but note that the sensor-based statistics were computed by collapsing the data across
groups. Visual inspection of Figure 2 suggests that the beta ERD and PMBR are weaker in the CP
group.

Figure 2: Movement-Related Sensor Level Results
A group-average spectrogram from the same gradiometer sensor (near the left motor cortex) is
shown collapsed across both groups (top) for the controls (middle) and for the group with CP
(bottom). Time (ms) is represented on the x-axis with 0 indicating movement onset. Relative
spectral power is expressed as a percentage difference from baseline (-1600 to -800 ms), with
the color legend shown to the right of the spectrograms. Across each spectrogram, there was a
beta (14-26 Hz) event-related desynchronization (ERD) that was initiated 300 ms prior to
movement onset that was sustained until 300 ms after movement onset. After movement
termination, a post-movement beta rebound (PMBR) was present from 600 to 1100 ms.
Comparison of the spectrograms suggests that the beta ERD and PMBR responses visually
appear weaker in the group with CP group compared to controls. Note that the time-frequency
windows of interest were determined statistically from the data collapsed across both groups.
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Since there was no group behavioral difference in the classic “flanker effect”, the
beamforming analyses of the time-frequency components identified in the spectrograms were
collapsed across the respective conditions. Beamforming of the beta ERD seen during the -300 to
300 ms time window used a baseline of -1600 to -1000 ms while beamforming of the PMBR
response was performed on the 600 to 1100 ms window with -1600 to -1100 identified as the
baseline.
Age-Related Differences
To determine the impact of age on the brain regions recruited between the group with CP
and controls, we conducted whole-brain one-way ANCOVAs separately for the imaged beta ERD
and PMBR responses. For the beta ERD, there was a significant age-by-group interaction within
the left (P = 0.006, FWE corrected; Figure 3A) and right SMA regions (P = 0.009, FWE corrected;
Figure 3B). This implied that the strength of the power changes seen in the induced beta oscillatory
activity across the -300 to 300 ms time window covaried with the participant’s age. Pseudo-t values
were extracted for each individual from the peak voxel identified in the left and right SMA. These
pseudo-t values were plotted with age to determine the directionality of the relationships in bilateral
SMAs. For the left SMA, the controls demonstrated a stronger beta ERD as age increased while
the group with CP demonstrated the opposite relationship with a weaker beta ERD as age increased.
For the right SMA, a similar relationship was present with the control group showing a stronger
beta ERD with age while the group with CP demonstrated a weaker beta ERD response with age.
The individual group and age effects did not reach significance (P > 0.05). Additionally, the PMBR
response did not have a significant group effect, age effect, or interaction effect (P > 0.05).
Sensorimotor Oscillatory Activity
The grand average maps for the induced oscillatory activity indicated that the beta ERD seen across
the -300 to 300 ms time window was in the motor hand “knob” region of the left sensorimotor
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Figure 3: Age-by-Group Relationship in the Supplementary Motor Area
The ANCOVA analysis for the beta ERD response comparing between groups with the
covariate of age. Significant clusters included the left supplementary motor area (SMA) and the
right SMA. The left SMA cluster peak is indicated by the black dot and the right SMA cluster
peak is indicated by the white dot. A significant group-by-age interaction was present for both
SMA locations (left SMA: P = 0.001, right SMA P = 0.009, after FWE correction). The
extracted pseudo-t values for bilateral SMA peaks are plotted for each participant with age. For
both SMA peaks a stronger beta ERD was present with age in the controls while a weaker beta
ERD was present in the group with CP.
cortices (Figure 4A). The neural time courses were extracted from the peak voxel in this region,
and the average strength of the induced beta power changes during the motor planning (-300 to 0
ms) stages were calculated (Figure 4B). Compared with the controls, the group with CP had a
weaker beta ERD during motor planning (P = 0.02, Figure 4C). For the entire group of participants,
the strength of the beta ERD during motor planning (-300 to 0 ms) was significantly correlated with
reaction time (r = 0.286, P = 0.01, Figure 5). This suggests that participants with
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Figure 4: Motor Cortex Relative Group Differences
The grand average pseudo-t map across both groups for the beta ERD surrounding
movement onset (A). This image clearly shows the beta ERD response was
generated from the contralateral motor hand “knob” region. The voxel time series
(virtual sensors) for this cortical activation are shown as a relative power time series (B).
For the time series, time is denoted on the x-axis with 0 ms defined as movement onset and
the y-axis as relative power (%). The relative power was significantly different between
groups during the motor planning (-300 to 0 ms) time periods as highlighted in C. *P < 0.05.

a stronger beta ERD during the motor planning stage tended to respond faster. The induced
oscillatory activity was not related with any of the other behavioral outcomes (P > 0.05).
Discussion
There is currently a substantial knowledge gap in our understanding of how age
impacts the neural activity with the key motor networks responsible for movement production in
adults with CP. This investigation used MEG brain imaging to examine the impact of age on
the oscillatory dynamics of the primary and secondary sensorimotor cortices in those with
CP compared to controls. Our results highlighted that the left and right SMA activation is
different between groups
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Figure 5: Motor Cortex Activity Related to Reaction Time
The relative power of the planning window (-300 to 0) within the left motor cortex demonstrated
a significant positive correlation with reaction time (r = 0.286, P = 0.01). A stronger beta ERD
response was associated with a faster reaction time.
as a function of age. For both the left and right SMA, the group with CP showed a diminished beta
ERD response as age increased while the controls showed a greater beta ERD response. The
strength of the beta ERD was weaker in the group with CP during the motor planning and motor
execution time windows. The implications of these findings are discussed below.
There were bilateral differences in the SMA beta oscillations between the group with CP
and controls as a function of age. The SMA is directly connected to the primary motor cortex and
spinal cord, has a complete mototopical representation of body movements, and has been shown to
be robustly activated during movement planning and execution (Chouinard & Paus, 2010; Dum &
Strick, 1991, 1996, 2005; Krieghoff, Brass, Prinz, & Waszak, 2009; Maier et al., 2002; Muakkassa
& Strick, 1979; Shallice, Stuss, Picton, Alexander, & Gillingham, 2008; S. Zhang, Ide, & Li, 2012).
Additionally, bilateral SMA activation with a unimanual task is consistent with previous literature
(Wilson et al., 2010). Our findings demonstrated that the individuals with CP had a reduced beta
ERD response in the bilateral SMA with age, while the controls had an increase in the beta ERD
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response in the bilateral SMA with age. Our control group results are consistent with previous
literature demonstrating an increase in beta ERD response in the motor-related cortices with an
increase in age (Heinrichs-Graham, McDermott, et al., 2018). In regards to the group with CP, this
is the first investigation to look at the activity of the SMA across childhood into early and midadulthood in individuals with CP. Children with CP have been found to have a stronger beta ERD
activation of the SMA surrounding movement onset (Kurz et al., 2017) but no studies have
examined the beta ERD within the SMA beyond childhood. Additionally, adults with CP have been
suggested to have a lower activation of the corticospinal pathways thought to stem from decreased
cortical drive (Condliffe et al., 2019; Frisk et al., 2017). Therefore, the decline in activation of the
bilateral SMA in the group with CP may reflect a progressive decline in cortical drive from the
movement-related cortices. Additionally, we suggest that the atypical beta oscillations in the group
with CP likely reflect disturbances in the distributed motor network utilized during the Eriksen
flanker task. This inference is supported by our group behavioral differences, which showed that
the children with CP had slower reaction times and were less accurate compared to controls.
Our results also showed a group beta relative power difference within the contralateral
motor hand “knob” for both motor planning and motor execution time windows. Behaviorally,
individuals with CP have shown deficits in both motor planning and execution (Craje et al., 2010;
Gordon, Charles, & Steenbergen, 2006; Steenbergen & Gordon, 2006; Steenbergen, van
Nimwegen, & Crajé, 2007). In our cohort, the beta ERD was weaker during motor planning for the
group with CP. The strength of the beta ERD during the motor planning window was related to
reaction time indicating those with a weaker beta ERD had a slower reaction time. A previous study
examining beta oscillatory activity associated with lower extremity movement reported a stronger
beta ERD during movement planning (Kurz, Becker, et al., 2014). Our findings are contradictory
to this study and we hypothesize the differences may be due to the severity of extremity impairment.
Both studies predominantly included individuals with spastic diplegia indicating the lower
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extremities were more severely impacted than upper extremities. Therefore, Kurz et al., (2014)
were examining cortical activity predominantly associated with the most impaired extremities
while our investigation predominantly examined the least impaired extremities. Therefore, the
differential beta ERD findings may be due to cortical differences serving the most impaired
compared to least impaired extremities.
In conclusion, our results provide novel insight into how the neurophysiology serving
movement changes with age in individuals with CP. This study revealed aberrations within the
SMA and contralateral motor cortex serving hand movement. These aberrations were reflective of
the poorer performance of individuals with CP. Additionally, our findings suggest that some of the
aberrant differences between groups may be due to declines in cortical drive changes with aging.
Future research should further probe age-related changes in the cortices serving other movements
to form a more well-rounded understanding of how aging impacts movement in individuals with
CP.
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CHAPTER 3: SELECTIVE ATTENTION OSCILLATORY CHANGES IN CHILDREN
AND ADULTS WITH CEREBRAL PALSY
Introduction
Cerebral palsy (CP) is a neuromotor developmental diagnosis that results from a singular
or multiple brain lesions. Specifically, spastic CP is the most common type, making up 87% of
individuals with CP and often severely impacts movement performance and participation in daily
life activities (Sellier et al., 2016). Individuals with spastic CP typically have a lesion to the
sensorimotor cortex or white matter connections within the sensorimotor areas such as the
corticospinal tracts, especially those serving the lower extremities (Himmelmann & Uvebrant,
2011). However, such diffuse or focal white matter injuries may also lead to problems of
perception, cognition, attention, memory, and other higher brain functions caused by damage to
commissural and association tracts with compromised connectivity and networking (Skranes et al.,
2008).
About 50% of individuals with CP may have a cognitive impairment (Novak et al., 2012).
Cognitive impairments can encompass several domains of cognition, one of which may be selective
attention. Selective attention is a critical skill needed to focus on a target visual stimulus while
disregarding distracting or unrelated visual stimuli and is an essential skill to complete many daily
life activities (Carrasco, 2011; Driver, 2001). Some children with CP have displayed behavioral
differences in visual selective attention (Al-Nemr & Abdelazeim, 2018; Bottcher, Flachs, & Uldall,
2010) but the underlying neurophysiological contributions to the visual selective attention deficits
remain unclear. Additionally, nearly all children with CP survive into adulthood (Strauss et al.,
2008), and it is unknown if these selective attention deficits persist into adulthood and how the
related neurophysiology serving selective attention adapts from childhood to adulthood. Due to the
daily need for selective attention abilities, it is critical to expand the understanding of the underlying
neurophysiology of selective attention in individuals with CP.
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Regions within the primary visual cortices, dorsal attention network (DAN), and the ventral
attention network (VAN) are typically active while performing a visual selective attention task.
The DAN is often associated with top-down control of voluntary and goal-directed behaviors and
includes bilateral brain regions such as the frontal eye fields and intraparietal sulcus (Corbetta et
al., 2008; Corbetta & Shulman, 2002). While the VAN is associated with unexpected stimulus
detection or distracting stimuli and includes brain regions such as the temporoparietal junction,
ventral frontal cortex, and insula (Corbetta et al., 2008; Corbetta & Shulman, 2002; McDermott et
al., 2019; McDermott et al., 2017). Previous brain imaging studies have indicated responses in the
theta (~4-8 Hz) and alpha (~8-14 Hz) frequencies in DAN and VAN regions while individuals
perform a visual selective attention task (Corbetta et al., 2008; Corbetta & Shulman, 2002; Lew et
al., 2018; McDermott et al., 2019; McDermott et al., 2017; Webb et al., 2016). This investigation
utilized MEG brain imaging to identify how the neurophysiology of selective attention processing
is affected in children and adults with CP. We hypothesized that participants with CP would have
selective attention behavioral impairments. Additionally, performance would be accompanied by
neural aberrations in the attention networks involved with selective attention function and these
aberrations possibly could explain poor performance. Lastly, we hypothesized that the neural
oscillations serving selective attention would demonstrate a relationship with age. We were
interested in regions that were possibly similar between groups and different across childhood to
adulthood.
Methods
Participants
Individuals with CP (N = 38; Age = 24.1 ± 10.6 yrs.; Range = 9-47 yrs.; MACS I-III;
GMFCS I-IV; spastic diplegic N = 28, spastic hemiplegic N =10) and controls (N = 47; Age = 21.6
± 9.9 yrs.; Range = 11-49 yrs.) participated in this investigation. None of the participants had a
prior history of epilepsy or seizure activity. In addition, all the individuals had spastic CP with
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primarily white matter injuries and no volume loss that would affect the integrity of the cortical
surface. Each participant and/or their parent/guardian provided written assent and consent,
respectively, to participate in the investigation. The protocol for this investigation was approved by
the University of Nebraska Medical Center’s Institutional Review Board and in compliance with
the Code of Ethics of the World Medical Association.
MEG Data Acquisition and Experimental Paradigm
Neuromagnetic responses were sampled continuously at 1 kHz with an acquisition
bandwidth of 0.1 – 330 Hz using an Elekta MEG system (Helsinki, Finland). All recordings were
conducted in a one-layer magnetically-shielded room with active shielding engaged for advanced
environmental noise compensation. The participants were seated upright in a magnetically silent
chair and completed an arrow-based version of the Eriksen flanker task (Eriksen & Eriksen, 1974).
Each trial began with a fixation cross that was presented for an interval of 1500 ± 50 ms. A row of
five arrows was then presented for 2500 ms and the participants were instructed to respond as to
the direction of the center target arrow with their second (left arrow) or third (right arrow) digit of
the right hand using a custom 5-button pad (Fig 6). The visual presentation consisted of either a
series of flanking arrows that had directions that were congruent (i.e., same direction) or
incongruent (i.e., opposite direction) with the middle target arrow. The task stimuli was projected
onto a screen that was approximately one meter from the participant. A total of 200 trials were
presented, making the overall MEG recording time about 14 minutes. Trials were equally split and
pseudo-randomized between congruent and incongruent conditions, with left and right pointing
arrows being equally represented in each condition. Only correct responses were included for
further analysis.
Motor Behavioral Data
The output of the button pad was simultaneously collected at 1 kHz along with the MEG
imaging data. Accuracy was defined as the number of correct responses divided by the total number
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Figure 6: Flanker Task Paradigm
Each trial started with a fixation cross for 1500 ± 50 ms. Participants were instructed to focus on
the fixation cross during this time. An array of arrows then appeared for 2500 ms. As soon as
the arrows appeared, the subjects were to respond with a button pad whether the middle arrow
was pointing to the right (third digit) or left (second digit). The displayed arrows were either all
pointing the same direction (congruent trial) or the middle arrow was pointed the opposite
direction of the flanking arrow (incongruent trial).
of trials. The time the participant took to decide the direction of the target arrow (i.e., reaction time)
was calculated based on the time from when the arrow array was presented to when the button was
pressed. Separate mixed-model ANOVAs (congruent/incongruent x group) were used to evaluate
differences in the respective behavioral outcome measures.
MEG Coregistration
Four coils were affixed to the participant’s head and were used for continuous head
localization. Prior to the experiment, the location of these coils, three fiducial points, and the scalp
surface was digitized to determine their three-dimensional position (Fastrak 3SF0002, Polhemus
Navigator Sciences, Colchester, VT, USA). Briefly, an electric current with a unique frequency
label (e.g., 322 Hz) was fed to each of the four coils during MEG data acquisition. This induced a
measurable magnetic field and allowed each coil to be localized throughout the recording session.
Since the coil locations were also known in head coordinates, all MEG measurements could be
transformed into a common coordinate system. With this coordinate system (including the scalp
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surface points), each participant’s MEG data was coregistered with the native space
neuroanatomical MRI data using the three external landmarks (i.e., fiducials), and the digitized
scalp surface points prior to source space analyses. The neuroanatomical MRI data were aligned
parallel to the anterior and posterior commissures and transformed into standardized space using
BESA MRI (Version 2.0; BESA GmbH, Gräfelfing, Germany).
MEG Pre-Processing, Time-Frequency Transformation, & Statistics
Using the MaxFilter software (Elekta), each MEG dataset was individually corrected for
head motion that may have occurred during task performance and was subjected to noise reduction
using the signal space separation method with a temporal extension (Taulu & Simola, 2006).
Artifact rejection was based on a fixed threshold method, supplemented with visual inspection. The
continuous magnetic time series was divided into epochs of 2000 ms in duration, with 0 ms defined
as the stimulus onset and the baseline being -450 to -50 ms. Artifact-free epochs for each sensor
were transformed into the time-frequency domain using complex demodulation (Papp & Ktonas,
1977) and averaged over the respective trials. These sensor-level data were then normalized per
time-frequency bin using the mean power for the specific frequency during the baseline (-450 to 50 ms). The specific time-frequency windows used for imaging were determined by statistical
analysis of the sensor-level spectrograms across the entire array of gradiometers. Each data point
in the spectrogram was initially evaluated using a mass univariate approach based on the general
linear model. To reduce the risk of false positive results while maintaining reasonable sensitivity,
a two-stage procedure was followed to control for Type 1 error. In the first stage, one-sample ttests were conducted on each data point and the output spectrogram of t-values was thresholded at
P < 0.05 to define time-frequency bins containing potentially significant oscillatory deviations
across all participants and conditions. In stage two, time-frequency bins that survived the threshold
were clustered with temporally and/or spectrally neighboring bins that were also above the (P <
0.05) threshold and a cluster value was derived by summing all of the t-values of all data points in
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the cluster. Nonparametric permutation testing was then used to derive a distribution of clustervalues and the significance level of the observed clusters (from stage one) were tested directly using
this distribution (Ernst, 2004; Maris & Oostenveld, 2007). For each comparison, 1,000
permutations were computed to build a distribution of cluster values.
MEG Source Imaging
A beamforming algorithm was employed to calculate the source power across the entire
brain volume (Gross et al., 2001). The single images were derived from the cross spectral densities
of all combinations of MEG sensors, and the solution of the forward problem for each location on
a grid specified by input voxel space. Following convention, the source power in these images was
normalized per subject using a separately averaged pre-stimulus noise period of equal duration and
bandwidth (Hillebrand & Barnes, 2005; Hillebrand et al., 2005; Van Veen et al., 1997). Thus, the
normalized power per voxel (pseudo-t) was computed over the entire brain volume per participant
at 4.0 x 4.0 x 4.0 mm resolution. Each participant’s functional images, which were coregistered to
their structural T1-weighted MRI prior to beamforming, were transformed into standardized space
using the transform previously applied to the structural MRI volume and spatially resampled. MEG
pre-processing and imaging used the BESA software (BESA v6.0; Grafelfing, Germany).
To examine the neural activity specific to selective attention, source images for the
congruent condition were subtracted from the incongruent condition for each participant. This
resulted in individual whole-brain maps of flanker interference activity for each participant. To
examine the relationship of group and age to the oscillatory responses surrounding stimulus onset,
we conducted whole-brain one-way ANCOVAs for the alpha and theta interference effect activity
utilizing Statistical Parametric Mapping (SPM 12). Separate ANCOVA models were conducted for
the alpha response and the theta response analysis. The alpha and theta responses were continuous
variables, while the group was a categorical variable. The covariate for this model was age. For
each respective ANCOVA model, group and age effects were assessed, as well as a possible group-
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by-age interaction, and the α level was set at 0.01. The resulting images identified significant
clusters and the peak voxel within each respective cluster. The pseudo-t value of each peak voxel
was extracted for each participant and utilized to determine directionality of significant ANCOVA
findings. Lastly, Pearson correlations were utilized to assess any associations between neural and
behavioral metrics.
Results
Of the 85 participants who completed the task, two individuals with CP and one control
were excluded for accuracy values less than three standard deviations below the mean for each
group (mean ± 1 SD; CP: 89.2 ± 12.3%; controls: 99.3 ± 1.3%), and an additional five individuals
with CP and eight controls were excluded due to excessive motion and/or other MEG artifacts. A
cohort of 31 individuals with CP (Age = 24.1 ± 10.6 yrs.; Range = 9 – 47 yrs.) and 38 controls (Age
= 21.7 ± 11.2 yrs.; Range = 11 – 49 yrs.) was used in the final analyses.
Behavioral Results
The analysis of accuracy revealed there was a significant main effect of condition (P <
0.001), indicating that all participants were less accurate during the incongruent condition
compared to the congruent conditions (incongruent: 92.7 ± 13.1%; congruent: 96.3 ± 6.8%, Fig 7).
Additionally, there was a significant group effect (P < 0.001) such that the group with CP was less
accurate than the controls (CP: 89.2 ± 12.3%; controls: 99.3 ± 1.3%). Lastly, there was a significant
group-by-condition interaction (P < 0.001). Follow-up analysis showed the group with CP was less
accurate for the incongruent condition (incongruent: 85.4 ± 16.9%; congruent: 93.0 ± 8.9%; P <
0.001) while the controls did not have significant accuracy differences between conditions
(incongruent: 98.7 ± 1.4 %; congruent: 99.0 ± 1.6%; P = 0.08).
The analysis of reaction time revealed a main effect of condition (P < 0.001) that is
consistent with the “flanker effect” indicating all participants took longer to respond to the
incongruent condition compared to congruent condition (incongruent: 807.7 ± 307.6 ms; congruent:
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Figure 7: Flanker Behavioral Performance
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739.3 ± 285.1 ms; Fig 7). Additionally, there was a main effect of group (P < 0.001) such that
participants in the group with CP were significantly slower to respond across conditions compared
to the controls (CP: 953.5 ± 336.2 ms; controls: 628.0 ± 140.8 ms). There was not a significant
group-by-condition interaction (P = 0.165) indicating the “flanker effect” was similar for both
groups.
Sensor Level Analysis
Time-frequency analyses were implemented across all participants and gradiometer
sensors in order to determine the time-frequency windows of interest for follow-up beamforming
analysis. Statistical analysis of the time-frequency spectrograms demonstrated a significant
decrease in alpha (8-14 Hz) power that occurred 250 ms after stimulus onset (0 ms) and lasted until
650 ms present in almost all sensors and strongest in the posterior sensors overlying the occipital
cortices (i.e., 250-650 ms; Fig 8). Additionally, a prominent increase in theta (4-7 Hz) power was
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Figure 8: Alpha and Theta Group Spectrograms
A group-average spectrogram is shown for the alpha and theta responses for the controls
(left) and the group with cerebral palsy (CP) (right). Time (ms) is represented on the x-axis
with 0 indicating stimulus onset. Frequency (Hz) is displayed on the y-axis. Relative spectral
power is expressed as a percentage difference from baseline (-450 to -50), with a color legend
shown to the right of the spectrograms. The top pair of spectrograms display the alpha
response for a posterior sensor overlaying the occipital cortices. Across both spectrograms, a
decrease in alpha power was initiated 250 after stimulus onset and sustained until 650 ms.
The bottom pair of spectrograms display the theta response for an anterior sensor
overlaying the frontoparietal junction. Across both spectrograms, an increase in theta
power was initiated 200 ms after stimulus onset and sustained until 600 ms. Visual
comparison of the spectrograms suggests that both neural responses appear weaker in the
group with CP compared to the controls. Note that the time-frequency windows of interest
were determined statistically from the data collapsed across both groups.

generated across a large number of sensors over the frontal cortices (Fig 8). The sensor-level
statistical analysis indicated the theta response began 200 ms after stimulus onset (0 ms) and was
sustained until 600 ms (i.e., 200 to 600 ms). For illustrative purposes, we show separate groupaveraged time-frequency spectrograms in Figure 8, but note that the sensor-based statistics were
computed by collapsing the data across groups. Qualitative visual inspection of Figure 8 suggests
that the theta and alpha responses appear weaker in the CP group.
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Alpha Oscillations
An ANCOVA whole-brain analysis was utilized to probe differences in the flanker
interference effect across the whole-brain for the 250-650 ms time window for the alpha frequency.
There was a significant group effect (difference in interference map activity between groups) that
localized to the right occipital cortex (P = 0.002; Fig 9). Pseudo-t values were extracted from the
cluster peak in the right occipital cortex for each participant per condition and plotted on the right
in Figure 9. These conditional plots showed the group with CP had a different conditional
activation and interference effect than the controls. The controls demonstrated a positive
interference effect while the group with CP had a negative interference effect. Also, the activation
of the right occipital cortex was diminished across both conditions within the group with CP
compared to the controls (P = 0.04). Across all participants the average activation of the right
occipital cortex was related to accuracy (r = -0.268, P = 0.03). Those with a stronger alpha response
had a higher accuracy while those with a weaker alpha response had lower accuracy. In addition to
the group effect, there was an age effect in the left insula indicating that the degree of the inference
in the alpha oscillations covaried with age (Fig 10A). Pseudo-t values were extracted from the
cluster peak in the left insula for each participant. Visualization of the scatter plot in Figure 10A
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demonstrates a positive relationship indicating the interference effect became more positive as a
function of age.
Theta Oscillations
An ANCOVA analysis was also utilized to probe differences in the flanker interference
effect across the whole-brain for the 200-600 ms time window for the theta frequency. The group
effect and age-by-group interaction were not significant for the theta response (Ps >0.05). However,
there was an effect of age that was localized to the right insula (Fig 10B). This indicated that the
strength of the interference seen for the theta oscillations covaried with age (P = 0.005). Pseudo-t
values were extracted from the peak voxel within the right insula for each individual. Visualization

Figure 10: Alpha and Theta Age-Related Oscillatory Changes
Whole-brain correlations for age and the interference effect (collapsed across groups). The alpha
flanker interference activity was significantly correlated with age within the left insula (P =
0.003; A). Visualization of the scatterplot suggests a positive relationship indicated the
i nterference effect increases with age. The theta flanker interference activity was significantly
correlated with age within the right insula (P = 0.005; B). In contrast, visualization of the
scatterplot suggests a negative relationship indicated the interference effect decreases with age.
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of the scatter plot in Figure 10B demonstrates a negative relationship indicating the interference
effect became more negative as a function of age.
Discussion
In this investigation, we identified selective attention impairments in children and adults
with CP that may be related to oscillatory differences within the occipital cortices. Specifically,
selective attention-related alpha activity in the right occipital cortices differed in the group with
CP. Additionally, both groups showed a similar alpha activation of the left insula and theta
activation of the right insula as a function of age. The implications of these results are discussed
below.
An ANCOVA analysis was utilized to examine the interference effect and revealed both a
group and age effect. Previous literature has suggested that visual processing within the occipital
cortices can modulate the cortical motor network during the performance of a visuomotor task
(Ledberg, Bressler, Ding, Coppola, & Nakamura, 2007; Strigaro et al., 2015). Our results revealed
the right occipital cortices demonstrated a group effect. A previous MEG study in healthy controls
demonstrated that the occipital cortices exhibit a stronger alpha response during the incongruent
compared to congruent conditions (McDermott et al., 2017) reflective of a negative interference
effect. The controls in our study were consistent with this finding and showed a negative alpha
interference effect. However, the group with CP tended to have a positive alpha interference effect
in the right occipital cortex reflective of a weaker alpha response during the incongruent compared
to congruent condition. It has been established that individuals with CP clinically demonstrate
visual processing deficits and often have visual processing impairments with suggestive impacts
on movement performance (Ego et al., 2015; Fazzi et al., 2012; Guzzetta, Mercuri, & Cioni, 2001;
van den Hout et al., 2004). Therefore, the positive interference effect may indicate impaired visual
processing of the distracting stimuli based on the location of activation and timing shortly after
stimulus presentation. Although, we are cautionary of this speculation since this investigation did
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not behaviorally measure visual processing abilities of the participants. The alpha response of the
right occipital cortex was also reduced for both conditions in the group with CP compared to the
controls. A weaker alpha response was associated with lower accuracy of the task across groups.
Collectively, these findings demonstrate aberrant neurophysiology in the group with CP that seems
to partially be related to behavioral performance. Previous literature has shown that the occipital
cortices in individuals with CP have demonstrated structural as well as functional differences
compared to peers. Structurally, the occipital cortices have been shown to have reduced cortical
thickness, cortical volume, and sulcal depth in individuals with CP and been suggestive to predict
visual capabilities (Pagnozzi et al., 2016). Additionally, previous studies have shown reduced
occipital oscillatory activity in children with CP during visuomotor tasks (Kurz et al., 2017;
VerMaas, Gehringer, Wilson, & Kurz, 2019). It should be noted that our cohort with CP did not
have visually-discernable damage to the occipital cortices on their structural MRI. Therefore, the
aberrant occipital activity observed in our study may be a result of cascading effects from the initial
brain insult. Collectively with our results, individuals with CP likely have visual processing deficits
that impact motor performance.
Another key finding of this study was the age effect found with the ANCOVA analyses.
These results identified insular activation in the alpha and theta frequencies was covaried with age.
The insula has previously been shown as a key region activated during selective attention tasks
(Doesburg, Bedo, & Ward, 2016; McDermott et al., 2017). Previous literature has shown younger
healthy adults demonstrate stronger alpha (decrease in power) and theta responses (increase in
power) for incongruent compared to congruent conditions (McDermott et al., 2017) indicative of a
negative interference for the alpha response and a positive interference effect for the theta response.
Our results for both alpha and theta responses were consistent with these findings. But as age
increased, both of these responses demonstrated an interference effect that approached zero and in
some cases became a positive interference effect for the alpha and negative interference effect for
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the theta. As adults age, progressive decline can occur in the ability to inhibit distracting stimuli
(Kramer, Hahn, & Gopher, 1999; Marshall, Cooper, & Geeraert, 2016; Mund, Bell, & Buchner,
2012; Pettigrew, Martin, & Aging, 2014; Zeef & Kok, 1993; Zeef, Sonke, Kok, Buiten, &
Kenemans, 1996). Additionally, aging has also been shown to reduce the connectivity between the
insula and other regions in the VAN and additional recruitment of other regions (e.g., frontal eyes
fields and inferior parietal lobe) as a compensatory mechanism (Beume et al., 2015; Deslauriers,
Ansado, Marrelec, Provost, & Joanette, 2017). Our oldest study participant was nearly 50 years of
age and therefore our sample did not reach into the older adult age range. We speculate that the
oscillatory changes we observed as a function of aging in the insula may be reflective of small agerelated changes that may emerge before behavioral deficits are present. Additionally, no difference
was found between groups for both respective regions. This finding may suggest that the
oscillations serving selective attention in the insula are impacted similarly by age in the group with
CP and the controls.
In summary, we found group and age-related oscillatory changes using MEG imaging.
These findings demonstrated differences in alpha oscillatory responses in the right occipital lobe
related to task accuracy. Specifically, the group with CP had a stronger alpha response during the
congruent condition compared to the incongruent condition which was opposite of the controls.
Across both conditions, the group with CP had weaker alpha responses and it was found that weaker
alpha responses were correlated with poorer accuracy. Age-related changes were found for both
the alpha and theta responses in the insula suggesting similar oscillatory aging effects in both
groups. Therefore, motor deficits in individuals with CP with increased aging may be more related
to movement-related oscillatory activity changes (e.g., beta frequency (~15-30 Hz)). Future studies
should continue to explore the aging impact on individuals with CP and determine other oscillatory
contributions to motor and cognitive performance.
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CHAPTER 4: CORTICAL OSCILLATIONS THAT UNDERLIE WORKING MEMORY
ARE ALTERED IN ADULTS WITH CEREBRAL PALSY
Introduction
Cerebral palsy (CP) is the most common pediatric-onset neuromuscular disorder, and is
identified with lifelong disability (Christensen et al., 2014; Rosenbaum et al., 2007). The initial
definitions of CP describe a nonprogressive permanent brain lesion in the developing or infant brain
that impacts the motor system, with no mention of non-motor symptoms (Morris, 2007). However,
it is now widely acknowledged that cognitive impairments often accompany motor impairments in
individuals with CP (Bax et al., 2005), with about half of all individuals with CP exhibiting
cognitive deficits (Novak et al., 2012). In particular, previous behavioral studies have shown
working memory (WM) impairments in children and adults with CP (Bottcher et al., 2010; Di Lieto
et al., 2017; Goble, Aaron, Warschausky, Kaufman, & Hurvitz, 2012; Jenks et al., 2009; Jenks et
al., 2007; Jenks, van Lieshout, & de Moor, 2012; Toomela, 2012). WM is generally described as a
process by which information is temporarily stored and/or transformed for use toward a current
goal. Such WM processing includes three distinct sub-phases: encoding, maintenance, and retrieval
operations. Briefly, encoding involves loading information into memory, maintenance refers to the
active storage and rehearsal of information, and retrieval is the active recall of information
(Baddeley, 1992a, 2000; Baddeley et al., 2011; D'Esposito, 2007; Heinrichs-Graham & Wilson,
2015).
Overall, WM plays a critical role in daily mental function and supports higher-order
cognitive processes such as decision-making and language comprehension. Specifically, WM
deficits in children and adults with CP have been suggested to impact arithmetic (Jenks et al., 2009;
Jenks et al., 2007; Jenks et al., 2012; Pueyo, Junqué, Vendrell, Narberhaus, & Segarra, 2009),
proprioception (Goble et al., 2012), as well as social and learning problems (Bottcher et al., 2010;
Di Lieto et al., 2017). The brain regions and underlying neuronal activity have been widely studied
in healthy (Bonnefond & Jensen, 2012; D'Esposito, 2007; Embury et al., 2019; Heinrichs-Graham
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& Wilson, 2015b; Proskovec et al., 2016; Proskovec, Heinrichs-Graham, et al., 2019; Rottschy et
al., 2012) and pathological populations (Embury, Wiesman, et al., 2019; McDermott et al., 2016a;
McDermott et al., 2016b; Wiesman et al., 2016; Wilson et al., 2017). Previous
magnetoencephalography (MEG) studies of verbal WM in healthy participants have shown a
widespread decrease in alpha (9-13 Hz) power within left hemispheric language regions during
encoding and maintenance, as well as robust increases in parieto-occipital alpha power during
maintenance (Bonnefond & Jensen, 2012; Heinrichs-Graham & Wilson, 2015).
Despite the consistent behavioral findings of WM deficits in CP, the underlying neuronal
activity remains unclear and highly understudied. Potentially, understanding the neurophysiology
of WM in adults with CP will provide a better understanding of the bases of WM impairments and
their cascading impacts on independence in the home and community. In the current study, we used
MEG to identify alterations in the cortical dynamics serving WM processing in adults with CP
compared to demographically similar healthy controls. We hypothesized that WM related
oscillations would be aberrant in adults with CP compared with controls, and that these atypical
cortical oscillations would be associated with declines in cognitive performance.
Methods
Participants
Adults with CP (N = 17; Age = 32.9 ± 2.2 yrs.; GMFCS I-IV; spastic diplegic N = 14,
spastic hemiplegic 3) and controls (N = 19; Age = 33.0 ± 2.3 yrs.) participated in this investigation.
None of the participants had a prior history of epilepsy or seizure activity. In addition, the adults
with CP primarily had white matter injuries and no volume loss that would directly affect the
cortical surface area. All participants had sufficient visual and cognitive abilities to complete the
task as determined through a practice session immediately prior to the recording. Each adult
provided written consent to participate in the investigation. The protocol for this investigation was
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approved by the University of Nebraska Medical Center’s Institutional Review Board and in
compliance with the Code of Ethics of the World Medical Association.
Working Memory Task Experiment
Participants were seated in a nonmagnetic chair within a magnetically-shielded room and
performed a four-load, letter-based, iteration of a Sternberg-type WM task (Sternberg, 1966) during
MEG. Throughout the task, participants were instructed to focus on a fixation cross centrally
located within a 2 x 3 grid on the screen (Fig 11). Each trial began with an empty grid for 1300 ms.
The grid was then filled with four consonants for 2000 ms, signifying the encoding period. To
balance the visual display, dollar signs were displayed within the two grid locations not occupied
by consonants. The consonants then disappeared from the grid indicating the start of the
maintenance period. Lastly, following the 3000 ms maintenance period, a single “probe” consonant
appeared for 900 ms during the retrieval period. Participants were asked to respond with their right
hand as to whether the probe letter was one of the four letters previously presented. A button press

Figure 11: Verbal Working Memory Task Paradigm
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with the second digit indicated “yes” while a button press with the third digit indicated “no”. Each
trial lasted 7200 ms, (including the 1300 ms pre-stimulus fixation), and each participant completed
128 trials. Our laboratory has validated the use of this four load WM task in previous work
(Proskovec, Heinrichs-Graham, et al., 2019).
MEG Data Acquisition and Coregistration with MRI
During the MEG session, neuromagnetic responses were collected continuously at 1 kHz
with an acquisition bandwidth of 0.1 – 330 Hz using an Elekta MEG system (Helsinki, Finland).
Using MaxFilter (v2.2; Elekta). MEG data from each participant were individually corrected for
head motion and subjected to noise reduction using the signal space separation method with a
temporal extension (Taulu & Simola, 2006; Taulu, Simola, & Kajola, 2005).
Four coils were affixed to the participant’s head and were used for continuous head
localization. Prior to the experiment, the location of these coils, three fiducial points, and the scalp
surface was digitized to determine their three-dimensional position (Fastrak 3SF0002, Polhemus
Navigator Sciences, Colchester, VT, USA). During the MEG recording, an electric current with a
unique frequency label (e.g., 322 Hz) was fed to each of the four coils during the MEG data
acquisition. This induced a measurable magnetic field and allowed each coil to be localized
throughout the recording session. Since the coil locations were also known in head coordinates, all
MEG measurements could be transformed into a common coordinate system. With this coordinate
system (including the scalp surface points), each participant’s MEG data was coregistered with
their structural MRI data using the three external landmarks (i.e., fiducials) and the digitized scalp
surface points. Structural MRI data were acquired using a Siemens Prisma 3T scanner. Highresolution T1-weighted axial images were obtained with a 64-channel head/neck coil using a 3D
MPRAGE with the following parameters: TR: 1720 ms; TE: 2.48 ms; flip angle = 8 deg; FOV: 230
mm; slice thickness: 1 mm; in-plane resolution: 0.9 x 0.9 x 1.0 mm. The neuroanatomical MRI data
were aligned parallel to the anterior and posterior commissures and transformed into standardized
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space using BESA MRI (Version 2.0; BESA GmbH, Gräfelfing, Germany). Following source
analysis (i.e., beamforming), each participant's 4.0 × 4.0 × 4.0 mm MEG functional images were
transformed into standardized space using the transform that was previously applied to the
structural MRI volume and spatially resampled.
MEG Time-Frequency Transformation and Statistics
Artifact rejection was based on a fixed threshold method, supplemented with visual
inspection. The continuous magnetic time series was divided into epochs of 7200 ms in duration,
with 0 ms defined as the onset of the encoding grid and the baseline being -400 to 0 ms. Artifactfree epochs for each sensor were transformed into the time-frequency domain using complex
demodulation and averaged over trials. These sensor-level data were then normalized per timefrequency bin using the mean power for the specific frequency bin during the baseline (-400 to 0
ms). The specific time-frequency windows used for imaging were determined by statistical analysis
of the sensor-level spectrograms across the entire array of gradiometers. Each data point in the
spectrogram was initially evaluated using a mass univariate approach based on the general linear
model. To reduce the risk of false positive results while maintaining reasonable sensitivity, a twostage procedure was followed to control for Type 1 error. In the first stage, paired-sample t-tests
against baseline were conducted on each data point and the output spectrogram of t-values was
thresholded at P < 0.05 to define time-frequency bins containing potentially significant oscillatory
deviations across all participants. In stage two, time-frequency bins that survived the threshold were
clustered with temporally and/or spectrally neighboring bins that were also above the (P < 0.05)
threshold and a cluster value was derived by summing all of the t-values of all data points in the
cluster. Nonparametric permutation testing was then used to derive a distribution of cluster-values
and the significance level of the observed clusters (from stage one) were tested directly using this
distribution (Ernst, 2004; Maris & Oostenveld, 2007). For each comparison, 1,000 permutations
were computed to build a distribution of cluster values.
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MEG Imaging and Statistics
The dynamic imaging of coherent sources (DICS) beamforming algorithm was employed
to calculate the source power across the entire brain volume (Gross et al., 2001; Hillebrand et al.,
2005). The single images were derived from the cross spectral densities of all combinations of
MEG sensors, and the solution of the forward problem for each location on a grid specified by input
voxel space. Following convention, the source power in these images was normalized per subject
using a separately averaged pre-stimulus noise period of equal duration and bandwidth (Hillebrand
& Barnes, 2005; Hillebrand et al., 2005; Van Veen et al., 1997). Thus, the normalized power per
voxel (pseudo-t) was computed over the entire brain volume per participant at 4.0 x 4.0 x 4.0 mm
resolution. As stated above, these functional images were transformed into standardized space
using the transform previously applied to the structural MRI volume and spatially resampled. MEG
pre-processing and imaging used the BESA software (BESA v6.0; Grafelfing, Germany).
To investigate the effect of group on the oscillatory mechanisms serving WM, we averaged
each participant’s source-level oscillatory activity (pseudo-t values) across time separately for the
encoding and maintenance windows (i.e., one averaged map for encoding, one averaged map for
maintenance). Whole-brain, voxel-wise independent-sample t-tests between groups were then
computed separately for the encoding and maintenance periods, and a cluster-correction was
applied to the resulting statistical parametric maps (SPM). The peak voxel was then identified in
each image (i.e., encoding and maintenance) and the individual pseudo-t values were extracted for
correlational analyses with the behavioral data and the neuropsychological testing results based on
the NIH Toolbox.
Neuropsychological Testing and Behavioral Measures
Prior to the MEG experiment, each participant underwent the NIH Toolbox Cognition
Battery for 18+ year-olds (Weintraub et al., 2013). The NIH Toolbox Cognition Battery includes
the cognitive constructs of attention, executive function, episodic memory, WM, language, and
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processing speed. Construct and composite scores are automatically computed as part of this test
battery.
In addition, during the MEG experiment, the output of the button pad was simultaneously
collected at 1 kHz with the brain responses, and this was used to quantify behavioral performance.
The time the participant took to respond as to whether the probe letter was one of the four letters
previously presented letters was defined as the reaction time. Accuracy was defined as the number
of correct trials divided by the total number of trials, and this was multiplied by 100 per participant
to convert to a percentage for reporting. Lastly, Spearman rank-order correlations were utilized to
determine potential relationships between demographic, behavioral, and neuronal outcome metrics.
Results
Behavioral Results
Of the 36 participants who completed the task, two adults with CP and two controls were
excluded due to excessive head motion and/or other MEG artifacts, while two additional controls
were excluded due to poor accuracy. These latter participants scored less than three standard
deviations below the mean for each group (mean ± 1 SD; CP: 84.9 ± 10.0%; controls: 92.3 ± 8.8%).
The remaining 13 adults with CP (Age = 34.2 ± 0.6 yrs.) and 16 controls (Age = 34.7 ± 0.7 yrs.)
did not differ on age, sex, and other demographic factors. Compared with the controls, the adults
with CP were slower (CP: 1000.8 ± 78.8 ms; controls: 712.6 ± 30.4 ms; P = 0.001) and less accurate
on the WM task (CP: 81.9 + 4.0% ms; controls: 92.2 + 2.0 % P = 0.049). Furthermore, the adults
with CP had lower demographically normalized composite scores on the NIH Toolbox Cognitive
battery when compared with the controls (CP: 45.2 ± 10.5; controls: 54.4 ± 8.9; P = 0.02). Note
that both correct and incorrect trials were included for the MEG analyses, and we controlled for the
total number of accepted epochs per group to avoid differences in the signal-to-noise ratio (CP:
90.3 ± 14.5 trials; controls: 98.4 ± 12.5 trials).
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Sensor Level Results
Statistical analysis of the time-frequency spectrograms revealed a significant cluster of
decreased alpha-beta (11-16 Hz) oscillatory activity that began 200 ms after encoding onset and
was sustained throughout the remainder of the encoding time window until dissipating shortly after
the onset of maintenance at about 2200 ms (P <0.001, corrected; Fig 12). During the maintenance
phase, there emerged a narrower band of increased alpha (9-13 Hz) activity (P < 0.001, corrected;
Fig 12). This alpha increase began around 2600 ms (i.e., 600 ms into the maintenance period) and
persisted throughout the remainder of the maintenance period and terminated shortly into the
retrieval period. These two oscillatory responses were observed in a large number of posterior
gradiometers, located bilaterally near the parietal and occipital cortices. For illustrative purposes,
we show the results from a peak sensor located near the parieto-occipital region across groups and
separately for controls and the adults with CP (Fig 12). However, note that the statistical analysis
of the sensor-level spectrogram data was done sensor-by-sensor across both groups (i.e., paired ttests against baseline per time-frequency bin following by permutation testing). Qualitative,
inspection of the time-frequency components shown in Figure 12 suggest that the strength of the
alpha-beta encoding response and the alpha maintenance response were notably weaker for the
adults with CP when compared with the controls.
Encoding Source Level Results
To evaluate the dynamics of oscillatory changes in the alpha-beta range, we applied a beamformer
to the following windows throughout the encoding period using a common baseline of equal
duration and bandwidth (i.e., -400 to 0 ms, 11-16 Hz): 200–600 ms, 600–1000 ms, 1000–1400 ms,
1400–1800 ms. The beamformer images across all participants revealed a decrease in alpha-beta
power in left hemispheric brain regions throughout the encoding period. The response initially
emerged in the occipital cortices during early encoding and extended to the left temporal and
inferior frontal regions throughout the remainder of encoding (Fig 13).
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Figure 12: Working Memory Group-Averaged Spectrograms
Group-averaged spectrograms from the same gradiometer sensor (located near the right
parietal-occipital junction) are shown collapsed across groups (top) for the controls (middle)
and adults with CP (bottom). The time-frequency spectrogram displays time (ms) on the xaxis and frequency (Hz) on the y-axis. Percent power change was computed using the mean
power in the baseline period (-400 to 0 ms) per bin. As shown in the respective figures, a
significant decrease in alpha-beta (11-16 Hz) power can be discerned throughout the
encoding and into early maintenance, followed by a significant alpha (9-13 Hz) increase
throughout mid to late maintenance. Visual inspection of the spectrograms shows that adults
with CP had weaker oscillatory activity in the alpha-beta and alpha range compared to
controls in the encoding and maintenance time windows respectively. Time-frequency
windows for source imaging (beamforming) were derived from statistical analysis of the
sensor-level spectrogram data across all participants and these windows are outlined by the
black boxes.uted using the mean power
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Figure 13: Encoding Grand-Averaged Beamformer Images
Grand-averaged
beamformer
images
(pseudo-t)
during the encoding period demonstrate a left
Figure 101: Encoding
Oscillatory
Group
Difference
hemisphere alpha-beta (11-16 Hz) oscillatory dynamics. A strong decrease in alpha-beta
activity relative to baseline (-400 to 0 ms) can be seen at the beginning of encoding in the
Figure 102: Encoding Oscillatory Group Difference
occipital cortices, stretching forward to the temporal and prefrontal regions during later
Figure 103: Encoding Oscillatory Group Difference
encoding.
To investigate the effect of group on the neural oscillations during encoding, we averaged
each participant’s whole-brain alpha-beta oscillatory maps (pseudo-t values) across the encoding
and transition time window (200-1800 ms). Independent sample t-tests were then used to compute
statistical parametric maps showing the group differences. These images were thresholded and a
cluster-correction (see methods) was applied to the supra-thresholded voxels to reduce the risk of
false positives due to multiple comparisons. These images revealed that the alpha-beta oscillatory
response during encoding was weaker in the prefrontal cortex in the adults with CP compared with
the controls during encoding (P < 0.001; Fig 14A).
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Figure 14: Encoding Oscillatory Group Difference
(A) Significant group differences (P < 0.001, corrected) during the encoding period were
observed in the prefrontal cortices. (B) The strength of the alpha-beta power seen in the
prefrontal cortices had a negative rank order relationship with the composite score for the NIH
Toolbox Cognitive Battery (rs = -0.502; P = 0.006). This relationship suggests that those with
weaker alpha-beta oscillations tended to have lower scores on the NIH Toolbox cognitive
assessment. (C) In the adults with CP, the strength of the alpha-beta power seen in the
prefrontal cortices had a positive rank-order correlation with the Gross Motor Function
Classification level (rs = 0.803; P = 0.001). Adults that had a weaker alpha-beta response had
greater mobility deficits.

Maintenance Source Level Results
Similar to our approach for encoding, we initially imaged the dynamics of alpha changes
during maintenance by applying a beamformer to the following time windows using a common
baseline of equal duration and bandwidth (i.e., -400 to 0 ms, 9-13 Hz): 2200-2600ms, 2600–3000
ms, 3000–3400 ms, 3400–3800 ms, 3800–4200 ms, 4200–4600 ms, and 4600–5000 ms. The
average maps indicated that across both groups there was an increase in alpha power during the
maintenance period within the bilateral occipital cortices (Fig 15).
As per group effects, similar to our approach above, we again averaged each participant’s
whole-brain maps (pseudo-t values) across the maintenance time window (2200-5000 ms) and
conducted voxel-wise independent sample t-tests on the output images to generate statistical
parametric maps reflecting group differences in maintenance activity. These images revealed that
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there were no significant group differences were for alpha oscillations during maintenance (P >
0.05).
Neuro-behavioral Results and Correlations
Across groups, there was a significant positive rank-order relationship between the strength
of prefrontal alpha-beta oscillations during encoding and the NIH Toolbox Cognitive Battery
composite score (Fig 14B; rs = -0.502, P = 0.006). This relationship indicates that those that had a
weaker alpha-beta response tended to have a lower composite score. In the adults with CP, there
was also a strong positive relationship between the strength of the alpha-beta response during
encoding and the participant’s GMFCS value (Fig 14C; rs = 0.803, P = 0.001), which indicates that
adults with CP who have a weaker alpha-beta response tended to also have higher GMFCS scores
(i.e., greater mobility impairment). All other correlations were not significant (P > 0.05).
Discussion
In the current study, we utilized MEG to investigate the neural dynamics serving WM
processing in adults with CP. Both groups demonstrated a strong decrease in alpha-beta power
during encoding that began in the occipital regions and spread to the left temporal and prefrontal

Figure 15: Maintenance Grand-Averaged Beamformer Images
Grand-averaged beamformer images (pseudo-t) of the occipital alpha (9-13 Hz) activity
Figure 108: Maintenance Grand-Averaged Beamformer Images
displayed for a portion of the maintenance stage (2600–3800ms). The current consensus is that
the increased alpha power reflects neural activity involved in the inhibition of incoming visual
Figure 109: Maintenance Grand-Averaged Beamformer Images
information that could disturb the maintenance of the recently encoded information.

68
cortices. During maintenance, strong neural responses in a narrower alpha band emerged in the
posterior parietal and occipital cortices and these were largely sustained until retrieval. This general
pattern of activity was consistent with many previous studies (Cabeza & Nyberg, 2000; Embury et
al., 2018; Embury et al., 2019; Heinrichs-Graham & Wilson, 2015; McDermott et al., 2016;
McDermott et al., 2016; Proskovec et al., 2016; Rottschy et al., 2012; Wilson, Heinrichs-Graham,
Proskovec, & McDermott, 2016). In regards to group effects, we found that adults with CP had
weaker alpha-beta oscillatory responses during encoding in the prefrontal cortices, while neural
oscillatory responses during the maintenance phase did not differ between groups. Below, we
discuss the implications of these findings for verbal WM performance and possible therapeutic
impacts.
As stated previously, both groups displayed a left-lateralized alpha-beta power decrease in
the temporal and prefrontal regions during encoding. This pattern of activity has been interpreted
in the context of a widely popular model of WM processing (Baddeley, 1992a, 1992b, 2000;
Baddeley et al., 2011). Specifically, neural activity in these regions has been connected with the
theoretical phonological loop and central executive constructs of this model (Baddeley, 1992a;
D'Esposito, 2007; Heinrichs-Graham & Wilson, 2015; Proskovec, Heinrichs-Graham, & Wilson,
2016; Rottschy et al., 2012). The phonological loop represents both vocal and sub-vocal rehearsal
mechanisms, and is thought to have a key role in maintaining the encoded information (Baddeley,
1992b, 2000). The activation of the frontal regions may reflect processes needed to store and guide
encoding and rehearsal of information elements (Heinrichs-Graham & Wilson, 2015b).
Furthermore, the activation of the prefrontal cortices was linked with performance on the NIH
Toolbox Cognitive Battery, such that those with a stronger alpha-beta oscillatory response during
encoding tended to perform better on the cognitive battery. These findings are consistent with
previous literature relating activation of the prefrontal and temporal cortices to cognitive
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performance (Proskovec, Wiesman, Heinrichs-Graham, & Wilson, 2018; Tanida, Sakatani, &
Tsujii, 2012).
A key finding of this study was that the adults with CP had a weaker alpha-beta oscillatory
response during encoding in the prefrontal cortex. This weaker alpha-beta response may indicate
an impairment with encoding information during WM processing. This interpretation is supported
by previous literature that has suggested children with CP have impairments in short-term memory
processing during executive function tasks and that these deficits are related to the integrity of
frontal and temporal cortices (Crichton et al., 2020; White & Christ, 2005). Although CP is
predominantly thought of as a motor centric disorder, our results imply that the initial perinatal
brain insults incurred by these individuals appear to also have other effects that impact the brain
networks underlying high-order cognition.
Another key finding of this study was that adults with CP that had higher GMFCS levels
(e.g., greater mobility impairments) also tended to have weaker alpha-beta cortical oscillations
during encoding. Associations between motor and cognitive abilities have been previously shown
in healthy individuals (Diamond, 2000; Rigoli, Piek, Kane, & Oosterlaan, 2012) and children with
CP (Al-Nemr & Abdelazeim, 2018; Delacy & Reid, 2016; Gabis, Tsubary, Leon, Ashkenasi, &
Shefer, 2015; Sigurdardottir et al., 2008). Some have explained this relationship by showing that
overlapping regions of the prefrontal cortex serve specific motor and cognitive tasks when
performed separately (Diamond, 2000), while others have shown that cognitive and motor
performance are correlated (Al-Nemr & Abdelazeim, 2018; Rigoli et al., 2012). Pathologically
speaking, the extent of brain injury may partially explain the relationship between GMFCS and
WM for our study, as more diffuse brain injuries are generally associated with more severe motor
(Arnfield, Guzzetta, & Boyd, 2013; Arrigoni et al., 2016; Lee et al., 2017; Lee et al., 2011; Meyns
et al., 2016; Reid, Ditchfield, Bracken, & Reddihough, 2015) and cognitive impairments
(Himmelmann & Uvebrant, 2011; Krägeloh-Mann et al., 2002; Rai et al., 2013). An alternative
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explanation may be that individuals with CP that have greater mobility impairments tend to have
fewer opportunities for interacting and exploring their environment (Harbourne & Berger, 2019;
Logan et al., 2016). Hence, we suspect that the lack of rich environmental experiences may place
individuals with CP at a disadvantage for the sustainment and development of higher cognitive
functions like WM.
During maintenance, both groups displayed an increase in alpha power within the
bilateral occipital cortices. Several studies have suggested that this occipital alpha response
reflects the inhibition of incoming information that could degrade the mental representations of
the recently encoded information (Bonnefond & Jensen, 2012; Mathilde Bonnefond & Jensen,
2013; Händel, Haarmeier, & Jensen, 2011; Payne, Guillory, & Sekuler, 2013). Our results suggest
that the strength of alpha oscillations during the maintenance stage was similar for both groups,
indicating that those with CP were able to adequately inhibit incoming visual information from
disturbing the encoded information. However, we believe caution is warranted here, as based on
our results those with CP likely had deficient encoding and this reduction in information fidelity
may mean that alpha oscillations seen during the maintenance period are artificially similar
between the two groups because the adults with CP have less information to maintain. This
premise is at least partially supported by the behavioral results, which showed that the adults with
CP were less accurate on the WM task relative to controls. Alternatively, it could be possible that
the adults with CP have intact maintenance abilities, as reflected by no alpha power differences
during this time period, and poorer accuracy may be explained by aberrations during the encoding
period.
In conclusion, this investigation has demonstrated that adults with CP have aberrations in
alpha-beta oscillatory activity during the encoding phase of a widely utilized WM paradigm. These
encoding aberrations likely have a direct impact on what information is maintained and retrieved,
thus impacting overall performance. Further, these abnormalities likely have cascading effects on
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cognition and motor function given the central role WM operations play in cognition more broadly.
These results also provide important implications for clinical, educational, and experimental
practice since they bring to light the necessity of including assessments of cognitive and physical
capacities when examining and designing therapeutic strategies for adults with CP. Given the
connection between mobility and the alpha-beta cortical oscillations seen here, it is also possible
that therapeutic strategies that improve the mobility of adults with CP may have corollary cognitive
improvements.
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DISSERTATION CONCLUSIONS
Main Outcomes
The first main purpose of this dissertation was to identify the cortical oscillations that serve
hand movement in children and adults with CP and compare these responses to a similarly aged
control group. Specifically, we examined the beta band oscillatory activity that was generated
surrounding movement onset. Our main objective was to use MEG to quantify these oscillatory
responses and investigate if aberrations were present in the children and adults with CP.
Additionally, if oscillatory aberrations were present, we were interested in determining if they could
partially explain the behavioral deficits in the cohort with CP. The outcomes of this main purpose
would provide a link between oscillatory activity and hand movement impairments behaviorally
seen in children and adults with CP. Secondly, this main purpose would provide insight into how
age impacts the regions serving hand movement.
Our results from Chapter 2 found that the children and adults with CP were slower and less
accurate while performing the upper extremity task. The MEG results showed an age-by-group
interaction within the bilateral supplementary motor area (SMA). Follow-up analysis of the
bilateral SMA indicated a diminished beta ERD response as age increased in the CP group and an
increase in the beta ERD response with age in the control group. The SMA is a key region that is
activated during motor planning and execution (Chouinard & Paus, 2010; Dum & Strick, 1991,
1996, 2005; Krieghoff et al., 2009; Maier et al., 2002; Muakkassa & Strick, 1979; Shallice et al.,
2008; S. Zhang et al., 2012). Consistent with our control group, previous studies of healthy
populations have shown an increase in beta ERD in the motor-related cortices with age (HeinrichsGraham, McDermott, et al., 2018). Adults with CP have shown a decrease in cortical drive to
corticospinal pathways (Condliffe et al., 2019; Frisk et al., 2017). Our results within the group with
CP may be demonstrating that the decrease in cortical drive progresses with age and may partially
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explain the poorer behaviorally performance in individuals with CP. The contralateral motor hand
“knob” also demonstrated beta ERD response differences between groups. Individuals with CP had
a lower beta ERD during motor planning. Across the cohort, lower beta ERD values were
associated with slower reaction times. These results were contradictory to a study by Kurz, et al.,
(2014), which found an increase in beta ERD power during motor planning while completing a
lower extremity task in children with CP compared to peers. Both study cohorts mainly included
individuals with spastic diplegic cerebral palsy. Therefore, the differential findings may suggest
that the oscillatory mechanisms serving the most impaired compared to least impaired extremities
are not consistent. In line with these differential results, we speculate that the oscillatory dynamics
serving the most impaired extremities may compensate and require greater beta ERD power
compared to the less involved extremities. This possibly provides a link to suggest the
neurophysiology is related to motor performance.
Our second aim focused on the neurophysiology underlying selective attention in
individuals with CP. In Chapter 3, The group with CP was slower and less accurate when
completing the selective attention task. For this analysis, the interference effect (incongruent minus
congruent) activity maps were utilized to determine differences and similarities between groups
and as a function of age. Cortical differences following stimulus onset were found between groups
within the right occipital cortex. The occipital cortices typically are activated during visual
processing and have previously been shown to be linked with motor network activation when
performing visuomotor tasks (Ledberg et al., 2007; Strigaro et al., 2015). Our control group
demonstrated a negative interference effect that is consistent with previous literature (McDermott
et al., 2017). The group with CP had a positive interference effect and may be related to the
clinically known visual processing impairments in this population (Ego et al., 2015; Fazzi et al.,
2012; Guzzetta et al., 2001; van den Hout et al., 2004). Secondly, the CP group had an overall
diminished alpha response for both conditions occurring in the right occipital cortex shortly after
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onset of the stimulus. Additionally, lower alpha responses were associated with lower accuracy on
the task and possibly can explain the poorer performance of the group with CP. The diminished
activation of the right occipital cortices was consistent with previous results found in children with
CP during visuomotor tasks (Kurz et al., 2017; VerMaas et al., 2019). The diminished overall
activity of the right occipital cortex could also be explained by structural differences. Pagnozzi et
al., (2016), found that the occipital cortices have reduced cortical thickness, cortical volume, and
sulcal depth in individuals with CP compared to peers. In regard to structural differences, it should
be noted that none of the participants in this study had visually-discernable damage to the occipital
cortices upon radiological examination of sMRIs. It is therefore possible that the aberrant
oscillatory findings could be a result of cascading effects from the initial brain insult and have a
negative impact on the visual processing leading to poorer motor performance.
In addition to occipital activity differences in Chapter 3, there were similarities in insular
activation for both the alpha and theta responses between groups as a function of age. The insula
has previously been shown to be a key region within the VAN that is activated during selective
attention tasks (Doesburg et al., 2016; McDermott et al., 2017). Both responses showed an
interference effect that approached zero with age and in some cases a reverse (e.g., a negative
interference became a positive interference effect). As adults age, progressive decline occurs in the
ability to inhibit distracting stimuli (Kramer et al., 1999; Marshall et al., 2016; Mund et al., 2012;
Pettigrew et al., 2014). Aging has shown activity changes that demonstrate reduced connectivity of
the insula with other VAN regions and compensatory recruitment of other regions (i.e., frontal eye
fields and the inferior parietal lobe; (Beume et al., 2015; Deslauriers et al., 2017). Our sample range
did not capture the full lifespan as the oldest participant was slightly below 50 years old. However,
we speculate that possibly the insular activation changes reported with age in our sample may
reflect minute age-related changes that emerge before behavioral deficits are present. Additionally,
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these findings suggest the impact of age is similar to the insula and may suggest that the VAN does
not have aberrant age-related changes in adults with CP.
The third main purpose of this dissertation was to examine the neurophysiology underlying
WM performance in adults with CP. For Chapter 4, a Sternberg WM task was utilized in which
individuals had to report whether a probe letter was part of the previous four letter set. The adults
with CP were slower and less accurate during the task and additionally had lower demographically
normalized composite scores on the NIH Toolbox Cognitive battery. Both groups demonstrated a
substantial decrease in alpha-beta power during encoding within the occipital, left temporal, and
prefrontal cortices and a narrower alpha power increase in the occipital cortices during
maintenance. This pattern of activity was consistent with several previous studies (Cabeza &
Nyberg, 2000; Embury et al., 2018; Embury et al., 2019; Heinrichs-Graham & Wilson, 2015;
McDermott et al., 2016a; McDermott et al., 2016b; Proskovec et al., 2016; Rottschy et al., 2012;
Wilson et al., 2016). The adults with CP demonstrated a weaker alpha-beta response during
encoding specifically in the prefrontal cortices. Additionally, a weaker alpha-beta response was
associated with poorer performance on the NIH Toolbox Cognitive Battery. In the adults with CP
there was also a link between higher GMFCS levels (e.g., greater mobility impairment) and a
weaker alpha-beta response. This relationship may be based on brain pathology. Typically, more
diffuse brain injury is related to more severe motor (Arnfield et al., 2013; Arrigoni et al., 2016; Lee
et al., 2017; Lee et al., 2011; Meyns et al., 2016; Reid et al., 2015) and cognitive impairments
(Himmelmann & Uvebrant, 2011; Krägeloh-Mann et al., 2002; Rai et al., 2013). In contrast to the
encoding findings, the activity during the maintenance period was similar between groups. These
findings suggest that encoding aberrations likely have a direct impact on what information is
encoded, maintained, and retrieved thus impacting overall performance. These results highlight the
importance of cognitive and physical capacities and a strong possible link between them.
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The findings across the studies in Chapter 2-4 demonstrate cortical aberrations that likely
contribute to performance decline in upper extremity movement, selective attention, and working
memory. Cognitive and movement tasks often occur together such that a cognitive decision is made
and the display of that decision is reflected in the motor output. This is consistent with the studies
in Chapter 2-4. For the flanker task, the subjects had to selectively attend to the center arrow and
then respond with a button press as to the center arrow’s direction. Likewise, for the working
memory task, subjects encoded a series of letters and then had to respond with a button press if the
probe letter was part of the previous series. Therefore, impairments to the resources utilized for
cognition or motor could have the same result of poor task performance. Therapeutically, this
provides avenues to improve task performance. If the task is being performed poorly, the findings
of this dissertation suggest the poor performance could be due to trouble visually attending to the
task, impairments in executing the motor command, or improper encoding of task instructions.
Possible ways to clinically explore these avenues could be to reduce any distracting stimuli in the
task environment, simplify the motor task, or simplify the instructions for the task.
Therapeutic intervention studies have further explored the relationship between movement
and cognition. Specifically, improvement in selective attention performance has been noted
following resistance training (Liu-Ambrose, Nagamatsu, Voss, Khan, & Handy, 2012) and memory
performance improvement has been associated with aerobic training (Erickson et al., 2011). Some
intervention literature for infants and young children with cerebral palsy supports a relationship
between the motor and cognitive systems (Ghorbani et al., 2017; Harbourne & Berger, 2019) and
others currently underway (Boyd et al., 2017; Dusing et al., 2019; Hoare et al., 2018). These
interventions suggest that a motor intervention can improve motor and cognitive performance.
However, it is unknown if similar interventions are effective for adults with CP. These interventions
and possibly others may prove to be a key to improving cognitive and motor performance in
individuals with CP as they age.
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Limitations
There were several limitations to the experiments conducted in this dissertation. Chapter
2 examines the motor performance of second digit button presses and third digit button presses
specifically of the right hand. Individuals with CP have varying impairments. In our cohort with
CP we had heterogeneity of motor impairments (i.e., spastic diplegia and hemiplegia). Some of
our participants had motor impairments that reduced the functionality of their right hand while
other individuals with CP had limited or no impairment to their right hand. Those with
impairment in particular, had difficulty isolated second and third digit activation and ultimately
impacted motor performance and introduced an additional covariant into the CP cohort.
Secondly, Chapters 2 and 3 provided novel insight into movement-related and selective
attention-related oscillatory changes associated with age in children and adults with CP. Our
oldest participant was nearly 50 years of age and clearly demonstrates we did not capture the full
lifespan. Additionally, both of these studies were cross-sectional and not longitudinal. A followup study would be needed to see how these changes develop across the lifespan.
Thirdly, Chapter 4 had a small sample size (13 adults with CP and 16 controls). The
small sample size makes it difficult to know whether these results can be extrapolated to
characterize CP in general, or are simply representative of the individuals that specifically
participated in this experiment. Potentially having a larger sample size and more power study
would have augmented the differences between groups and provided a stronger link between WM
performance and the underlying neurophysiology. Additionally, across all three studies, we did
not quantify the amount of brain pathology or restrict the topographical presentation for
individuals with CP. It is possible that specific pathology and topographical presentation could
provide optimal recommendations for clinical application.
Lastly, across all studies, performance was measured by reaction time and accuracy.
Many factors can impact both of these variables. For example, a slower reaction time could be the
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result of a reduced ability to isolate finger movement or it could be a processing impairment and
slowing of identifying which button to press. Future studies could apply additional behavioral
measures to further breakdown some of these components impacting reaction time and accuracy.
Future Directions
The results of this work support the motor and cognitive impairments seen in children
and adults with CP. However, the motor task employed in Chapter 2 was fairly simplistic. Many
movements performed on a daily bases involve a greater complexity than a single button press.
Previous studies have explored the complexity of movement and found greater activation of the
prefrontal cortices during movement selection (Averbeck, Chafee, Crowe, & Georgopoulos,
2003; Averbeck, Chafee, Crowe, & Georgopoulos, 2002; Averbeck, Sohn, & Lee, 2006;
Heinrichs-Graham & Wilson, 2015a). The prefrontal cortical activation during the movement
planning period has additionally been correlated with reaction time (Y. Zhang, Wang, Bressler,
Chen, & Ding, 2008). Results from a study involving complex movements with individuals with
CP could provide more relative findings that can be applied within rehabilitation interventions.
Additionally, this dissertation only focused on selective attention and verbal WM
cognitive functions. Specific to working memory, some individuals with CP demonstrate
impaired visual-spatial memory that can have cascading impacts on movement performance
(Belmonti, Fiori, Guzzetta, Cioni, & Berthoz, 2015). Previous MEG investigations have
examined spatial working memory (Proskovec et al., 2018; Proskovec, Wiesman, HeinrichsGraham, & Wilson, 2019). A similar paradigm could be utilized to investigate the underlying
spatial working memory impairments in individuals with CP and provide novel and valuable
results.
Other cognitive domains that are commonly impaired in individuals with CP are language
and verbal skills, perceptual skills, mathematics, and executive function (Andersen et al., 2008;
Bottcher, 2010; Straub & Obrzut, 2009). Results from studies examining these other cognitive
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domains could begin to form a more well-rounded picture of how the underlying neurophysiology
functions and is impacted with impairments in some of these domains are present.
Lastly, this dissertation suggests a relationship between cognitive and motor
performance. As stated above, some intervention studies in young children with CP have
demonstrated this relationship showing improvement in cognitive abilities can be seen with motor
interventions. However, it is unknown if similar improvements can be made in adults with CP. A
future study exploring the relationship between motor interventions and cognitive improvements
could provide valuable information for clinicians to implement in clinical care models.
Conclusions
In conclusion, this dissertation built upon the behavioral neurophysiology underlying
motor and cognitive impairments in children and adults with CP. Our analysis of motor-related
responses revealed oscillatory deficiencies in the SMA and motor cortex in children and adults
with CP. The selective attention analyses demonstrated poorer activation of the right occipital
cortex possibly indicating visual perception deficits and was related to poorer task performance.
While the insula appeared to be activated similarly as a function of age between groups
suggesting similar aging impacts of the VAN. Lastly, WM impairments in adults with CP seemed
to be related to impairments during encoding, specifically in the prefrontal cortices. These
findings suggest a possible and important link between cognition and motor performance and set
a foundation for future studies to explore this relationship and possibly how to intervene for the
optimal outcomes for adults with CP.
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2
Cerebral Palsy
(N = 33)
24.0 ± 10.7
9-47
17/16

Controls
(N = 40)
21.0 ± 10.5
11-49
24/16

Age (yrs)
Range
Gender (M/F)
Race
Caucasian
22
35
African American
9
4
Latin American
1
0
Asian
1
1
GMFCS
N/A
Level 1
16
Level 2
6
Level 3
5
Level 4
6
MACS
N/A
Level 1
15
Level 2
14
Level 3
4
Diagnosis
N/A
Spastic Diplegia
25
Spastic Hemiplegia 8
Table 1: Sample Demographics for Chapter 2. Abbreviations: Gross Motor Functional
Classification System (GMFCS), Manual Abilities Classification System (MACS)
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3
Cerebral Palsy
(N = 31)
24.1 ± 10.6
9-47
16/15

Controls
(N = 38)
21.7 ± 11.2
11-49
21/17

Age (yrs)
Range
Gender (M/F)
Race
Caucasian
20
33
African American
10
3
Latin American
1
1
Asian
0
1
GMFCS
N/A
Level 1
15
Level 2
6
Level 3
5
Level 4
5
MACS
N/A
Level 1
14
Level 2
13
Level 3
4
Diagnosis
N/A
Spastic Diplegia
25
Spastic Hemiplegia 6
Table 2: Sample Demographics for Chapter 3. Abbreviations: Gross Motor Functional
Classification System (GMFCS), Manual Abilities Classification System (MACS)
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4
Cerebral Palsy
(N = 13)
34.2 ± 0.6
5/8

Controls
(N = 16)
34.7 ± 0.7
7/9

Age (yrs)
Gender (M/F)
Race
Caucasian
7
14
African American
4
0
Latin American
1
1
Asian
1
1
GMFCS
N/A
Level 1
7
Level 2
0
Level 3
2
Level 4
4
MACS
N/A
Level 1
7
Level 2
5
Level 3
1
Diagnosis
N/A
Spastic Diplegia
11
Spastic Hemiplegia 2
Table 3: Sample Demographics for Chapter 4. Abbreviations: Gross Motor Functional
Classification System (GMFCS), Manual Abilities Classification System (MACS)
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APPENDIX D: CURRICULUM VITAE
Rashelle Hoffman
Sensorimotor Learning Lab, Munroe-Meyer Institute for Genetics and Rehabilitation
University of Nebraska Medical Center
985450 Nebraska Medical Center | Omaha, NE 68198-5450
Phone: (402) 559-3962
Email: rashelle.hoffman@unmc.edu
Education/Training
Institution and Location
University of Sioux Falls,
Sioux Falls, SD
University of Nebraska Medical
Center, Omaha, NE
Creighton University,
Omaha, NE
University of Nebraska Medical
Center, Omaha, NE

Degree

Year(s)

Field of Study

BS

2012

Exercise Science

DPT

2015

Physical Therapy

2016

Geriatric Physical Therapy
Residency Program
Rehabilitation Science
GPA: 3.9

PhD

2020
(foreseen)

Employment Experience
2016-present Munroe-Meyer Institute
Graduate Assistant
• Assist with data collections for various research studies (included under
scholarly works)
• Perform data analysis for biomechanical and neuroimaging data
2016-present

Hillcrest Health Services
Geriatric Physical Therapist and Geriatric Physical Therapy Mentor
• Deliver physical therapy services in skilled nursing, outpatient, and longterm settings
• Mentor current geriatric physical therapy residents within the CreightonHillcrest Geriatric Physical Therapy Residency Program

2015

Munroe-Meyer Institute
Research Assistant
• Assisted with data collections for various research studies (included under
scholarly works)
• Performed data analysis

Credentials
Credentialed Clinical Instructor- APTA
Licenses & Certifications
Physical Therapist-Nebraska (License number: 3481)
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Board Certified Specialist in Geriatric Physical Therapy (2017-present)
CPR Certified (current)
Honors and Awards
• 2020: Best Abstract, Academy of Pediatric Physical Therapy, American Physical
Therapy Association
(APTA) Combined Sections Meeting (CSM) 2020
• 2019: Presidential Graduate Fellow, UNMC
• 2019: Medical Sciences Interdepartmental Area Program of Excellence Award, UNMC
• 2018: Patricia Leahy Award Recipient, Promotion of Doctoral Studies Scholarship,
APTA
• 2018: Berndt Travel Award, UNMC
• 2018: American Academy of Cerebral Palsy and Developmental Medicine Student Travel
Scholarship
Recipient
• 2017: APTA Academy of Pediatric Physical Therapy CSM, 2018 Attendance Scholarship
• 2015: Doctor of Physical Therapy with Distinction, University of Nebraska Medical
Center
• 2014: UNMC Student Leadership Scholarship Recipient
• 2014: Schmitt Scholarship Fund Recipient, UNMC
• 2014: Paul Carlberg Scholarship Fund Recipient, UNMC
• 2013: Regents Scholarship Recipient, UNMC
• 2012: Magna Cum Laude, University of Sioux Falls
• 2012: Outstanding Senior Exercise Science Student, University of Sioux Falls
Professional Affiliations
● American Academy for Cerebral Palsy and Developmental Medicine (2017-present)
● APTA, Academy of Pediatric Physical Therapy (2017-present)
● APTA, Section on Research (2016-present)
● APTA, Academy of Geriatric Physical Therapy (2015-present)
● APTA, Academy of Neurologic Physical Therapy (2014-present)
● APTA (2012-present)
● Nebraska Physical Therapy Association (2012-present)
● Students of the University of Nebraska American Physical Therapy Association (20122015)
● Alpha Chi Honor Society Member (top 10% of class at the University of Sioux Falls,
2010)
Scholarly Work
Peer-Reviewed Published Manuscripts
1. Hoffman RM, Wilson TW, Kurz MJ. (2019). Hand Motor Actions of Children with
Cerebral Palsy are Associated with Uncharacteristic Sensorimotor Cortical Oscillations.
Neurorehabilitation
and
Neural
Repair,
33(12),
1018-1028.
doi:
10.1177/1545968319883880
2. Surkar SM, Hoffman RM, Davies BL, Harbourne R & Kurz MJ. (2019). Deficits in
Planning Sequential Goal-Directed Action in Children with Hemiplegic Cerebral Palsy:
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Kinematic Analysis. Journal of Motor Learning and Development, 7(1): 122-140. doi:
10.1123/jmld.2017-0054
3. Hoffman RM, Corr BB, Stuberg WA, Arpin DJ, & Kurz MJ. (2018). Changes in Lower
Extremity Strength may be Related to the Walking Speed Improvements in Children with
Cerebral Palsy after Gait Training. Research in Developmental Disabilities, 73: 14-20. doi:
10.1016/j.ridd.2017.12.005
4. Surkar SM, Hoffman RM, Davies BL, Harbourne R & Kurz MJ. (2018). Impaired
Anticipatory Vision and Visuomotor Coordination Affects Action Planning and Execution
in Children with Hemiplegic Cerebral Palsy. Research in Developmental Disability. 80:6473. doi: 10.1016/j.ridd.2018.06.009.
5. Surkar SM, Hoffman RM, Willett S, Flegle J, Harbourne R & Kurz MJ. (2018). HandArm Bimanual Intensive Therapy Improves Prefrontal Cortex Activation in Children with
Hemiplegic Cerebral Palsy. Pediatr Phys Ther. 30(2): 93-100. doi:
10.1097/PEP.0000000000000486.
6. Surkar SM, Hoffman RM, Harbourne R & Kurz MJ. (2018). Neural activation within the
prefrontal cortices during the goal-directed motor actions of children with hemiplegic
cerebral palsy. Neurophotonics. 5(1), 011021. doi: 10.1117/1.NPh.5.1.011021.
7. Davies BL, Hoffman RM, Healey K, Zabad R, Kurz MJ. (2017). Errors in the ankle
plantarflexor force production are related to the gait deficits of individuals with multiple
sclerosis. Human Movement Science, 51, 91-98. doi: 10.1016/j.humov.2016.11.008.
8. Davies BL, Hoffman RM, & Kurz MJ. (2016). Individuals with multiple sclerosis
redistribute positive mechanical work from the ankle to the hip during walking. Gait &
Posture, 49, 329-333. doi: 10.1016/j.gaitpost.2016.07.267.
Manuscripts Under Review
1. Hoffman RM, Embury CM, Lew BJ, Heinrichs-Graham E, Wilson TW, Kurz MJ. Cortical
Oscillations that Underlie Visual Selective Attention are Abnormal in Adolescents with
Cerebral Palsy. Under Review at Scientific Reports.
2. VerMaas J, Embury CM, Hoffman RM, Trevarrow M, Wilson TW, Kurz MJ. Beyond the
eye: Cortical differences in primary visual processing in youth with cerebral palsy. Under
Review at NeuroImage: Clinical.
3. Surkar SM, Hoffman RM, Harbourne R & Kurz MJ. Cognitive-Motor Interference
Heightens the Prefrontal Cortical Activation and Deteriorates the Task Performance in
Children with Hemiplegic Cerebral Palsy. Invited for revisions at Journal of
Neurophysiology.
Peer Reviewed Scientific and Professional Presentations
1. Rashelle M. Hoffman, Christine M. Embury, Elizabeth Heinrichs-Graham, Tony W.
Wilson, Max J. Kurz. Cortical Oscillations that Underlie Working Memory are Altered in
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Adults with Cerebral Palsy. Accepted for presentation at the American Academy of
Cerebral Palsy and Developmental Medicine Annual Meeting Thursday, September 24,
2020.
2. Rashelle M. Hoffman, Christine M. Embury, Brandon J. Lew, Elizabeth HeinrichsGraham, Tony W. Wilson, Max J. Kurz. Selective Attention Related Cortical Oscillations
Are Aberrant in Adolescents with Cerebral Palsy. Presented at the American Physical
Therapy Association Combined Sections Meeting on Thursday, February 13, 2020;
Denver, CO USA.
3. Rashelle M. Hoffman, Christine M. Embury, Brandon J. Lew, Elizabeth HeinrichsGraham, Tony W. Wilson, Max J. Kurz. Cortical Oscillations that Underlie Visual
Selective Attention are Uncharacteristic in Adolescents with Cerebral Palsy. Presented at
the American Academy of Cerebral Palsy and Developmental Medicine Annual Meeting
on Saturday, September 21, 2019; Anaheim, CA USA.
4. Rashelle M. Hoffman, Christine M. Embury, Brandon J. Lew, Elizabeth HeinrichsGraham, Tony W. Wilson, Max J. Kurz. Cortical Oscillations that Underlie Visual
Selective Attention. Presented at the Nebraska Academy of Sciences Aeronautic and Space
Science Section Spring Annual Meeting on April 12, 2019; Lincoln, NE, USA.
5. Rashelle M. Hoffman, Tony W. Wilson, Max J. Kurz. The Hand Motor Actions of
Children with Cerebral Palsy Involve Atypical Sensorimotor Cortical Oscillations.
Presented at the American Physical Therapy Association Combined Sections Meeting on
Thursday, January 24, 2019; Washington, D.C., USA.
6. Rashelle M. Hoffman, Tony W. Wilson, Max J. Kurz. Aberrant Sensorimotor Cortical
Oscillations are Related to the Abnormal Hand Motor Actions of Children with Cerebral
Palsy. Presented at the American Academy of Cerebral Palsy and Developmental Medicine
Annual Meeting on Saturday, October 13, 2018; Cincinnati, OH, USA.
7. Rashelle M. Hoffman, Tony W. Wilson, Max J. Kurz. Neural Oscillatory Activity in the
Motor Cortices Correlates with Developmental Age and Motor Performance. Presented at
the North American Society for Psychology of Sport and Physical Activity Conference on
June 21, 2018; Denver, CO, USA.
8. Rashelle M. Hoffman, Tony W. Wilson, Max J. Kurz. Sensorimotor Cortical Oscillations
Associated with the Production of a Hand Motor Action. Presented at the Nebraska
Academy of Sciences Aeronautic and Space Science Section Spring Annual Meeting on
April 13, 2018; Lincoln, NE, USA.
9. Rashelle M. Hoffman, Brenda L. Davies, Max J. Kurz. Individuals with Multiple Sclerosis
Redistribute Positive Mechanical Work from the Ankle to the Hip During Walking.
Presented at the Nebraska Research & Innovation Conference Symposium on
Biomechanics, October 5, 2016; Omaha, NE, USA.
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Other Publications
1. Hoffman RM. (2017). The effects of transcranial direct current electrical stimulation on
gait in those with Parkinson’s disease: a literature review. GeriNotes, 24(1), 19-24.
Funded/In Review Grant Activity
2019-2020
University of Nebraska Medical Center Presidential Graduate Fellowship
Role: Trainee
Amount: ~$24,000
Major Goal: Supports Ph.D. training
2018-2019

University of Nebraska Medical Center Assistantship/Fellowship
Role: Trainee
Amount: ~$24,000
Major Goal: Supports Ph.D. training

2018-2019

Foundation for Physical Therapy Promotion of Doctoral Studies I
Patricia Leahy Award Recipient for the most outstanding Promotion of
Doctoral Studies Scholarship application within neurology
Role: Trainee
Amount: $7,500
Major Goal: Supports Ph.D. training in the areas of interest to the field of
physical therapy

2018-2019
Fellowship

The National Aeronautics and Space Administration Nebraska Space Grant

2017-2018
Fellowship

The National Aeronautics and Space Administration Nebraska Space Grant

Role: Trainee
Amount: $4,000
Major Goal: Supports Ph.D. training

Role: Trainee
Amount: $1,500
Major Goal: Supports Ph.D. training

Technical Proficiencies
● Brain Imaging Technology
● BESA (Research, MRI, and Statistics)
● Elekta MEG system
● NeuroElf
● fNIR Devices
● fnirSoft
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●

Biomechanical Technology
● Biodex
● GAITRite
● Digitimer Stimulator
● AMTI Force Plates
● VICON Motion Capture System
● DELSYS EMG
● Yarbus Eye Tracker Software

●

Programing Technology
● MATLAB
● LabVIEW
● Excel Macro

Professional Development Workshops:
● FMRIB Software Library (FSL) Course. Learned how to utilize FSL brain imaging
software for analysis of structural and functional brain imaging data. San Diego, CA.
October 29-November 2, 2019.
Teaching Experience
● Teaching Assistant
● PHYT 505: Human Movement 2 within the University of Nebraska Medical Center
DPT Program. E-module development. Fall semester 2019.
● PTD 506 and 516: Integrated Lab within Creighton University DPT Program: assisted
with teaching laboratory sessions, grading written assignments, and lab practicals. Fall
semester 2015 and Spring semester 2016.
● PHYT 610: Cardiopulmonary Physical Therapy within UNMC’s DPT Program:
assisted with lecture and laboratory sessions. Fall semester 2014.
● Guest Lecturer
● PHYT 616: Neuromuscular Physical Therapy II within the University of Nebraska
Medical Center DPT Program: Gait and Balance Intervention Cases. Fall semester
2019.
● PTD 533 Motor Control and Motor Learning within the Creighton University DPT
Program: Reframing Aging Panel. Fall semester 2019.
● PHYT 522: Psychosocial Aspects of Health Care within the University of Nebraska
Medical Center DPT Program. Lecture: Communication Knowledge and Skills.
Summer semester 2019.
● University of Nebraska at Omaha Memory Workshop Speech-Language Pathology
Program Lecture: Physical Therapy and Cognitive Health. Spring semester 2019.
● PTD 521: Integumentary within Creighton University DPT Program. Lecture: The
Aging Integumentary System. Summer semester 2016.
● PTD 559: Cardiopulmonary/Integumentary within Creighton University DPT
Program. Lecture: The Aging Cardiovascular System. Summer semester 2016.
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●

●
●

●
●

PTD 522: Musculoskeletal Physical Therapy I within Creighton University DPT
Program. Lecture: Age-Related Changes with the Musculoskeletal System. Summer
semester 2016.
PTD 558: Neuromuscular Physical Therapy II within Creighton University DPT
Program. Lecture: Dementia. Spring semester 2016.
PTD 449: Cardiovascular, Pulmonary, and Integumentary within Creighton University
DPT Program. Lecture: Age-Related Changes Impacting the Pulmonary and
Integumentary Systems. Spring semester 2016.
PTD 448: Neuromuscular Physical Therapy I within Creighton University DPT
Program. Lecture: Examination of the Older Adult. Fall semester 2015.
PTD 557: Musculoskeletal Physical Therapy II within Creighton University DPT
Program. Lecture: Examination of the Older Adult with Musculoskeletal Pathology.
Fall semester 2015.

Volunteer/Service Experience
• 2018-present: APTA Combined Sections Meeting Reviewer for Educational Sessions
within the Geriatric Section
• 2018-2020: Academy of Geriatric Physical Therapy State Advocate, APTA
• 2018: Interdisciplinary Jamaica Medical Service Trip, oversaw two DPT students,
UNMC
• 2018: Poster Session Moderator, North American Society for the Psychology of Sport
and Physical Activity, Denver, CO, June, 2018
• 2018: Omaha Metropolitan Science Fair judge for senior projects within the Life
Sciences/Biomedical Category
• 2016-present: Biannual Outreach Events for high school and middle school students
focused on neurophysiology and physical therapy
• 2016-present: Volunteer physical therapist overseeing DPT students at the SHARING
and GOODLIFE Clinics
• 2016: Collaborated with neurologic physical therapy resident at Creighton University to
create a YouTube video educating community about exercise recommendations for those
with Parkinson’s disease
• 2015-2016: Provided pro bono therapy services at the Heart Ministry Portal Clinic
• 2014: SHARING the Experience presentation to the Nebraska Board of Regents and
Board of Counselors
• 2013-2014: Physical Therapy Representative for the UNMC Student Alliance for Global
Health and participated in one week medical service trip to Nicaragua
• 2012-2013: Co-President of SHARING Clinic Youth Outreach Committee and
coordinated health education presentations for 5th and 6th grade students
Clinical Experience
2015-present Hillcrest Health Services, Bellevue, NE
● Currently an “as needed” clinician in outpatient, long-term, and subacute settings
averaging 12 hours a month.

111

●
2015

2014

Completed one year as a geriatric physical therapy resident in long-term, home
health, sub-acute, and outpatient patient care settings. 28 hours weekly.
Mercy Medical Center, Des Moines, IA
8-week clinical at an outpatient pediatric facility
Ambassador of Omaha, Omaha, NE
8-week clinical in a short term care and pediatric specialty care facility
Madonna TherapyPlus ProActive, Lincoln, NE
8-week clinical at an outpatient facility
Good Samaritan Hospital, Kearney, NE
8-week clinical in an Intensive Care and Neuro-Trauma Unit

